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PREFACE

This publication is a compilation of the unclassified papers presented at the
NASA Conference on Large Space Antenna Systems Technology held at the Langley
Research Center, Hampton, Virginia, November 30 - December 3, 1982. The conference
was sponsored jointly by the NASA Office of Aeronautics and Space Technology (OAST)
and the NASA Langley Research Center. The conference was organized into five
sessions: Systems, Structures Technology, Control Technology, Electromagnetics,
and Space Flight Test and Evaluation. All speakers and topics were selected by the
session cochairmen and included representation from industry, universities, and
government. The program was organized to provide a comprehensive review of space
missions requiring large antenna systems and of the status of key technologies
required to enable these missions,

In addition to the formal sessions, three forums were conducted on topics of
current special interest. Forum topics were Systems Studies, Limitations of Ground
Testing, and Structure and Control Interaction. Proceedings of the forums are not
included in this publication.

The general cochairmen for the conference were Dell P. Williams, Director,
Space Systems Division, NASA Office of Aercnautics and Space Technology, and
Paul F, Holloway, Director for Space, Langley Research Center. The program chair-
man was Dr. Earle K. Huckins III, Head, Large Space Antenna Systems Technology
Office, Langley Research Center. The conference committee wishes to express its
appreciation to the session chairmen, authors, and conference administrative
assistants for their outstanding contributions to the meeting.

This publication was expedited and enhanced through the efforts of the staff
of the Research Information and Applications Division, Langley Research Center.

E. Burton Lightner
Langlev Research Center
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The objectives of this paper are (1) to summarize the NASA large space antenna
missions, (2) to examine the performance requirements, and (3) to define the
resulting control technology requirements.

The NASA large space antenna missions can be catagorized into three major
classes: RF antennas, large segmented reflectors, and LSS flight experiments. The
large RF antenna class includes near-term communications missions (e.g., LMSS), the
radiometry missions, and the advanced communications missions. Their sizes range
from 20 to 100 m and larger, and they include various reflector structural concepts
such as mesh deployables, truss structures, and electrostatic membranes. The seg-
mented reflector missions are primarily the IR and submillimeter astronomy missions
that require multifacet solid-panel 10- to 30-m reflectors deployed on supporting
structures. The flight experiments missions are specifically for evaluating LSS
enabling technologies and establishing the required flight data base.

CLASS OBJECTIVES
® LARGE ANTENNAS 30-100 m o COMMUNICATIONS
* MESH DEPLOYABLES ® RADIOMETRY /EARTH RESOURCES
e TRUSS © RADIOASTRONOMY

o ELECTROSTATIC MEMBRANE, etc,

o SEGMENTED REFLECTORS 10-30 m e IR, SUBMILLIMETER ASTRONOMY
» LARGE DEPLOYABLE REFLECTOR

® LSS FLIGHT EXPERIMENTS e VALIDATION LSS ENABLING TECHNOLOGIES

e ESTABLISH REQUIRED FLIGHT DATA BASE
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LMSS ANTENNA MISSION CONFIGURATIONS OF POOR QUALITY

The Land Mobile Satellite Service (LMSS) is a representative example within the
large RF antenna mission class. The LMSS is one of the early large antenna appli-
cations which has been studied in considerable detail by a joint team of JPL/NASA and
industry technologists. The LMSS i3 a multibeam communications mission utilizing a
geosynchronous~orbit-based large antenna for providing telephone services to mobile
users in the continental United States.

LI

Two candidate LMSS configurations have been studied. One is a wrap-rib design
consisting of a 55-m~diameter mesh reflector and a large 8~ X 1ll-m RF feed. These
are connected by two booms 34 and 80 m in length. The second configuration is a
hoop-column design consisting of a 118-m~diameter mesh reflector, an 88-m mast, and
four feed arrays of 4 X 4 m each. Each of the systems weighs about 10,000 1b and
have moments of inertia of 106 to 107 kg—mz.

The operating frequency for the LMSS mission is 0.87 GHz (UHF). The RF absolute
pointing and jitter requirement is 0.02°, the required reflector surface accuracy is
6 mm, and the feed/dish lateral displacement is 30 mm. The LMSS pointing and control
requirements can be met with new distributed control systems, which will be described.
These systems require slight advancement of the state of the art.
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ANTENNA POINTING PRoBLEM OF POOR QUA

The principal control system objective for a typical RF antenna is to point the
RF beam(s) to the desired target(s) within prescribed pointing and jitter errors
(typically, 0.020° to 0.002°) while maintaining overall system alignment and figure
(typically within 5 to 0.5 mm) to insure the desired RF performance characteristics
(main beam gain, low sidelobes, etc.). The actual RF pointing and jitter performance
is dependent on the contribution of a large number of error sources, including geo-
metrical ¢rrors due to quasi-static and dynamic disturbances, parameter errors,
misalignments, and nonlinearities. By major contribution, these errors can be
further classified as follows:

(1) Spacecraft attitude errors due to overall static biases and dynamic
motion of the antenna feed/bus about its nominal pointing direction

(2) Relative feed/dish errors involving rotational and lateral motion
about the optimal focal point location

(3) Vibrational and quasi-static distortions of the dish about its
nominal parabolic figure

Achieving the desired antenna pointing performance on a flexible structure of
50 to 100 m while maintaining the static and dynamic figure within an envelope of
0.5 to 5 mm represents a very substantial challenge to the technology. These
problems are significantly compounded by the need to accomnodate dynamic model
uncertainties arising from the fact that the actual dynamic behavior of such struc-
tures will not be known accurately prior to launch. This behavior will only be
established after the structure is deployed in orbit.

RF POINTING AFFECTED BY
¢ SPACECRAFT ATTITUDE ERRORS
o FEED DISPLACEMENTS AND ROTATION
* DISH ATTITUDE AND DEFORMATIONS

MAST BENDING
UPPER MAST AND TORS [ON
BENDING
LONER MAST
WIND U w. HOOPIDISH BENDING
/ll, TORS 10N
SOLRZARY
S 4" « vo é‘ ’
TORSIONAL MODE ""‘:“ Al
MOTION -———] “"
LOWER MAST CONTROL A
BENDING ACTION
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OF POOR QUALITY
COMMUNICATION ANTENNA CONTROL TECHNOLOGY

Recent control system technology studies for the early communication missions

have resulted in the identification of a hierarchy of control system options for

large antennas and their evaluation by means of very detailed analysis and computer

simulation. This hierarchy involves the following three levels of control technology:

(1) Single lumped controller at the spacecraft bus with analytical modeling

of the antenna flexibility in the estimator (this level represents
current state of the art)

(2) Distributed sensing: retain lumped actuation at bus but augment
level 1 with an optical sensor which measures flexible dynamics
of dish and boom directly rather than relying on estimation alone

(3) Distributed sensing and control: augment level 2 with additional
actuators at hub of dish to stabilize boom/dish vibrations

The results of these studies have led to the following major conclusions:

(1) Distributed sensing and control provides a significant performance
improvement of 1 order of magnitude over lumped control.

(2) Model errors have great impact on control performance and stability
margins. The system can be destabilized with even moderate
parameter errors.

(3) vrreflight models for large space antennas are not accurate enough for
closed-loop control. Therefore, in-orbit system identification is
necessary. In addition, initial and periodical in-orbit identifi-
cation of static characteristics, including figure alignment and
calibration, i{s also required.

e SIGNIFICANT PERFORMANCE IMPROVEMENT WITH DISTRIBUTED SENSING
AND CONTROL

e SYSTEM PARAMETER ERRORS RESULT IN PERFORMANCE DEGRADATION,
EVEN INSTABILITY

® |NFLIGHT SYSTEM ID OF CRITICAL STATIC AND DYNAMIC CHARACTERISTICS
IS NECESSARY

® OVERALL SYSTEM FIGURE ALIGNMENT AND CALIBRATION

o IDENTIFICATION OF RELEVANT CLOSED LOOP DYNAMICS AND
ON BOARD MODELS
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A TYPICAL CONTROL SUBSYSTEM FOR LARGE COMMUNICATION ANTENNAS

The figure illustrates the control system block diagram for a typical LMSS early
communication antenna. The control system provides the required 0.02° pointing as
follows:

(1) Primary attitude control of bus/feed to 0.01° using reaction wheels and
a high-bandwidth gyro-based control loop (nested within an attitude
determination and gyro drift correction loop using star trackers)

(2) Dish motion compensation and boom stabilization with respect to bus to
0.01° equivalent by means of

(a) Optical shape and vibration sensor at bus (top right)

(b) Six DOF (torque and force) control actuators at feed/bus
and six DOF control actuators at dish

(c) Articulation actuators to reposition feed and dish to their
correct static alignment

Note that in addition to being used as a control sensor, the optical shape and
vibration sensor also provides the capability to carry out the initial in-orbit
static alignment and the dynamic measurements required for system identification.

BLOCK DIAGRAM

SYSTEM CONFIGURATION

[
SENSOR FIELD OF VIEW " '_E
OPTICAL - -
SHAPEN | BRATION ¢
SENSOR
DISH NEW TECHNOLOGY
- SYSTEM |DENTIFICATION
DISH HUB - MULTI-POINT SENSING
ACS —>  ACTUATION - TWO-POINT ACTUATION
PROCESSOR - SHAPE CONTROL
- {_esnw\roas’, - T -
AND , S PACECRAFT R
| conTROL | [ Bus BUSp—b - s’c ATTITUDE CONTROL
| ALGORITHMS | ACTUATION . - BUS STABILIZATION
[ ATTITUDE SENSOR e— [
= STAR TRACKER SOLAR ORIGINAL PAGE IS
= INERTIAL REFERENCE ARRAY OF POOR QUALITY
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LARGE NEPLOYABLE REFLECTOR OF POOR QuUALITY

The second major class of large antenna wmissions corresponds to applications
where the wavelength is so short that solid reflectors are required. Typical of this
class is the Large Deployable Reflector (LDR) which is an Earth-orbiting astronomical
observatory operating from 50 to 1000 ym, a region of the spectrum where ground-basad
mapping of the sky is severely limited due to atmospheric opacity.

The LDR, illustrated below, carries a 20-m-diameter segmented primary reflector
consisting of about 120 solid panel segments. The segments are deployed from their
folded configuration into final reflector shape. To satisfy the observational
ruquirements, the position and orientation of each segment must be sensed and con-
trolled to extremely high precision. The major components are the segmented primary
reflector, the secondary reflector, the backup structure, the spacecraft bus with its
cryogenic.'ly cooled focal plane instruments, the solar arrays, and the thermal
baffle.

The extremely short wavelengths of operation of this telescope call for
stringent control requirement. Typically, active figure control will be required to
maintain shape to within 0.5 um, and advanced attitude control should provide overall
system pointing to 0.05 arc sec and stability to 0.02 arc sec,

© 20 m SEGMENTED PRIMARY
® 120 SEGMENTS

© ACTIVE FIGURE CONTROL TO 0.5 um
o WITHIN PRIMARY
o PRIMARY-TO-SECONDARY

o OVERALL SYSTEM POINTING TO
¢ 0.05 arc sec - ABSOLUTE
o 0.02 arc sec - STABILITY
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L.DR CONTROL APPROACH OF POOR QUALITY

A potential control approach for LDR is shown below. This control approach
calls for an attitude control system with wheels and thrusters to steer and stabilize
the focal-plane assembly, with attitude sensing provided by the Guide Telescope and
LOS (line of sight) transfer svstem. This ultra-precise IR LOS pointing of the focal
plane is accomplished by transmitting a laser beam from the guide telescope to the
focal plane via a set of mirrors, a selected segment reflector surface, and the
secondary reflector. Fine pointing at the focal plane can be enhanced by means of a
fast-steering mirror and detector electronics. The direction of the laser beam is
determined by the guide telescope, which uses a star tracker, IRU (Inertial Rate

Unit), and its own attitude controller to guide its orientation relative to the
stars.

The shape of the primary reflectors is maintained by the Primary Figure Control-
ler, which drives the segmented reflectors against the backup structure. The primary
figure sensor unit is mounted in the vicinity of the secondary reflector, which is
driven by a suitable drive mechanism actuating against its support structure.

PRIMARY FIGURE
CONTROLLER

SECONDARY
CONTROLLER

ATTITUDE CONTROL
WHEELS AND THRUSTERS
FOCAL PLANE |....

FAST '
STEERING MIRROR

PRIMARY FIGURE
SENSOR

- I—

STAR TRACKER VISIBLE LOS

‘\@UIDE TELESCOPE AND LOS TRANSFER SYSTEM|
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SUMMARY OF ANTENNA CONTROL REQUIREMENTS

The figure illustrates the broad spectrum of pointing and figure coatrol

requirements spanned by large antennas.

From the near-term communications antennas

and radiometers to the VLBI and advanced communications antennas (such as the RF
Orbiting Deep Space Relay Station), the surface and pointing requirements are at

least 1 order of magnitude apart.

From the advanced RF systems to the IR and optical

systems (such as the laser Orbiting Deep Space Relay Station), the requirements are
another 3 orders of magnitude tighter.

SPACE MMS GALILEO  SEASAT
TELESCOPE SIRTF LANDSAT D VOYAGER VIKING
v v v Y v
]
0T @D AvIOWETERS ]
: 0
> 100+ -
Q VLBI %
€ ODSRS -RF
3107 COMMUNICATIONS -
<
S22
x10°F -
& LDR
“ 3 ODSRS-OPTICAL A
10-4 1 i 1 \ 1
108 107 Tk 107 107 107! 10
POINTING, deg
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ANTENNA CONTROL TECHNOLOGY REQUIREMENTS

Broad control requirements call for equally wide-range technology support. The

control technologies needed may be catagorized into five groups:

(1) Distributed control, sensing, and actuation

(2) 1In-flight systeu and parameter identification

(3) Adaptable and adaptive control

(4) Figure determination and control

(5) Long~life hardware components (sensors and actuators)

The application areas dictate the technology level of advancement. For near-term
communications, such as LMSS, distributed sensing and centrol of 15 to 30 DOF will
suffice. System ID and figure sensing and control are required for initial dynamic
and static characterization, as are periodic system calibrarions. For the advanced
cormunications and radioastronomy antennas, however, higher order distributed con-
trol (30 to 60 DOF) with active vibration-damping capability is required. Long-life
proof -mass dampers and figure sensors which are accurate to 1/20 mm with 5 Hz band-
width are also required.

IR and submiilimeter astronomy antennas will require significant advances in
control technology. Active damping and distributed control of a high-order (>500
DOF) is required. This will greatly impact on control design and computational capa-
bility and hardware. Real-time system dynamics parameter ID and estimation will be
required. Real-time adaptive-gain adjustment is necessary to accommodate slewing
and settling operations. Active figure control to provide 0.5-pum accuracy at 1 Hz
rate will be required. High-resolution low-noise momentum wheels, lightweight -
proof-mass dampers, and figure actuators/sensors are required. Sensor accuracy will
be to the 0.1-um level, and LOS transfer system accuracy to 0.05 arc sec will be

needed.
ADVANCED IR,
NEAR TERM COMMUNICATIONS SUBMILLIMETER
COMMUNI CATIONS AND RADIOASTRONOMY ASTRONOMY

DISTRIBUTED
SENSING AND | 15-20 DOF 30-40 DOF ACTIVE DAMPING | > 300 DOF ACTIVE DAMPING
ACTUATION
SYSTEM INITIAL SYSTEM DYNAMICS, | INITIAL SYSTEM DYNAMICS, | REAL TIME SYSTEM DYNAMICS
IDENTIFI CATION | PERIODIC CaitmmaTiON PERIODIC CALIBATION AND DISTURBANCES
ADAPTIVE GROUND-BASED GROUND-BASED REAL TIME GAIN ADJUSTMENTS
CONTROL REPROGRAMMING REPROGRAMMING
FIGURE INITIAL ADJUSTMENT, INITIAL ADJUSTMENT,
DETERM INATION r;;ooouc CALIMATION TO :wooac CALIBRATION 7O | ACTIVE TO 1/2 um AT 1 Hg
AND CONTROL |['/2™ b
LONG-LIFE FIGURE SENSORS TO 1 /2 mm | PROOF -MASS DAMPERS, HIGH MSOLUTION, LOW NOISt

AT S Ha FIGURE SENSORS TO 110 mm | WHEELS, PROOS-MASS DAMMARS,
ACTUATORS AND AT S Hg agug“ A?c;J:V'ORS. 't’%s’.
SENSORS TRANSHER SYSTENTG 0,08 @
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NEED FOR FLIGHT EXPERIMENT OF POOR QUALITY

Every new technology requires extensive test and evaluation before it car be
applied for space missions. Large flexible spece structures have never been flown
before. Uncertainties are so great that they can only be reduced by broad-'ased
ground-test and flight experiments. Some specific fundamental needs are listed
below.

(1) Flight experience and a LSS data base must be established to reduce
the uncertainties in control and structure dynamic interactions.

(2) Structural damping at various modal frequencies, which cannot be
predicted reljably, is a very important parameter that affects
both open-loop and closed-loop behavior. Damping chara-~-~ristics
and closed-loop dynamics can be measured in a flight experiment.

(3) Ground simulations and tests of LSS need validation. Flight
experiments are necessary to establish quantitative levels of
confidence and provide guidance for improvement.
Furthermore, there is no alternative to flight experiments. Flight conditions for
LSS cannot be simulated on the ground. These include zero-g environment, full

deployment of structures, and the required evaluation of structure and control
interactions.

e LACK OF FLIGHT EXPERIENCE REQUIRES SPACE EXPERIMENT

© UNCERTAINTY IN CONTROL/STRUCTURE INTERACTIONS REQUIRES
FLIGHT EXPERIENCE/DATA BASE

o MEASURE CLOSED LOOP DAMPING AND DYNAMIC RESPONSE
o VERIFY AND ESTABLISH CRITERIA FOR GROUND TEST

o VALIDATE GROUND SIMULATIONS

e CANNOT GET THE BASIC DATA ANY OTHER WAY

o CANNOT SIMULATE FLIGHT CONDITIONS ON GROUND
* ZEROG
o DEPLOYMENT
» STRUCTURE/CONTROL INTERACTIONS
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FLIGHT EXPERIMENT CONFTGURATION

The figure illustrates a possible flight experiment configuraticn consisting of
a 55-m offset wrap-rib antenna in which the feed can be gimballed or rigidly attached
to the Shuttle. Although other configurations arc possible (hub attached, etc.) the
feed-rigid-attached mode has been selected for further study because of its simple

interface with the Shuttle and the fact that it has the dynamic characteristics of
the free~flier antenna as shown in the figure.

MODE | 45 ¢fy 9 10 n

12
llJ e A LJA JlgL I N N ng’
al 02 63 04 05 06 07 0° WD 1112131415 16

FREGUENCY (Hz)

SHUTTLE-ATTACHED EXPER IMENT SHUTTLE-ATTACHED ANTENNA MODES
CONFIGURATION

MODE| 4 5478 9 10 )] 12
S R L
0l 02 03 04 05 0.6 0.7 08 Q9 10 L1 1.2 1.3 14 15 16
FREQUENCY (Hz)

FREE-FLIER FREE-FLIER ANTENNA MODES
CONFIGURATION
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FLIGHT EXPERIMENT CONTROL GOALS

The contreol technology goal for an integrated control/structure interactions

flight experiment is to evaluate fundamental technologies needed for the control of
large space structure systems, including large artennas for communication and radi-

ometry, space station missions, and also some of the basic needs for the more
The basic control technologies to be

advanced IR and optics mission applications.

validated should include (1) distributed control and sensing, (2) system identifi-
cation and parameter estimation, (3) adaptive control, (4) figure determination and
shape control, (5) active vibration damping, (6) precision pointing. and (7) model

error sensitivity and compensation.

TECHNOLOGY VALIDATED

® DISTRIBUTED CONTROL / SENSING

® SYSTEM IDENTIFICATION

e ADAPTIVE CONTROL

e FIGURE CONTROL

e ACTIVE VIBRATION DAMPING

e PRECISION POINTING/ STABILITY

e MODEL ERROR COMPENSATION

APPLICABLE MISSIONS

e COMMUNICATIONS

e RADIOMETRY

e [R/OPTICS

e SPACE STATION
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DISTRIBUTED CONTROL EXPERIMENT SIMULATED SYSTEM RESPONSE TO
PROGRAMMED SHUTTLE VERNLER REACTION CONTROL SUBSYSTEM FIRING

The feasibility of carrying out the distributed control experiment has been
investigated via computer simulations. Antenna-to-Shuttle dynamic interactions,
system siability, Shuttle VRCS deadband and limit cycle properties, and VRCS firing
transient have been simulated with a disturbance environment similar to that of a
400-km circular orbit. The plots below illustrate the simulated 10-minute time
response of the system to preprogrammed VRCS thruster firings under the following
two conditions: (1) open loop, with the control system turned off, and (2) the dis-
tributed control system enabled to provide vibration damping. Notice how the dis-
tributed control system damps out the pointing jitter about four times faster than
the system free response under passive structural damping alonec.

OPEN LOOP RESPONSE DISTRIBUTED CONTROLLER
0.020
0.016 1 l
g PASSIVE ;
. DAMPING 0. 012 -
§ g -ACTIVE
= il DAMPING
& 0.008
bl
55 (JJ‘J
- |
2 ! .} I\ I j !h \l F 0' w
Il iy
‘i ’ 3[ ’v 0" whﬂmwmd_ ‘ 1
6 8 10 0 8 10
TIME, min TIME, min

596

JRUNRE S

o523

P R .

PE

Ll

-3

B kT s W e

B R, R I



OR'CINAL PAGE IS
OF POOR QUALITY

SHUTTLE-ATTACHED EXPERIMENT - PRELIMINARY CONCLUSIONS

Preliminary but positive conclusions have been obtained based on results of
computer simulations.

(1) The Shuttle-attached LSS antenna experiment is feasible.
(a) The static and dynamic disturbances must be handled with
care, but they do not present problems.

(b) The Shuttle VRCS controller including the VRCS phase plane

control laws and the vernier thrusters is compatible with
the requirements.

(c) Controul experiment can be defined to minimize the impact to
Shuttle avionlcs system interface.

(2) Performance of critical technology can be validated with the proposed
experiments.

(3) The configuration selected for this analysis does represent the
free-flier large space antennas and first-order space stations.

® SHUTTLE ATTACHED EXPERIMENT IS FEASIBLE

® STATIC AND DYNAMIC DISTURBANCES NOT A PROBLEM
® SHUTTLE CONTROLLER COMPATIBLE

o EXPERIMENTS DEFINED TO MINIMIZE SHUTTLE INTERFACE

e PERFORMANCE OF CRITICAL TECHNOLOGIES CAN BE VALIDATED

® EXPERIMENT CONFIGURATION REPRESENTS FREE FLIER AND FIRST
ORDER SPACE STATION

597

e

B e R



PR

FER .

ORIGINAL PAGE IS
OF POOR QUALITY

TECHNOLOGY DEVELOPMENT APPROACH - LSS CONTROL TECHNOLOGY DEVELOPMENT

The chart below illustrates the approach for control technology development for
large space systems. This process begins with the definition and development,
analysis, and evaluation of advanced control concepts (figure control, distributed
and adaptive control, system identification, etc.) for classes of antennas and plat-
form/space station applications. This leads to point design mechanization concepts
and to the definition of sensor and actuator requirements and the development of
selected generic hardware concepts. Early evaluation of the technologies at the
component level can effectively be achieved through ground demonstration of the
individual technclogies via scaled functional demonstrations. Actual evaluation of
performance at the system level and calibration of tools and ground facilities must
be accomplished via an actual space experiment such as the proposed Shuttle flight
experiment.

1983 1990

SHUTTLE
SOFTWARE
DEVELOPMENT

LABORATORY VERIFICATION
OF ADVANCED CONTROL
CONCEPTS

ADVANCED CONTROL
CONCEPT DEVELOPMENTY
@ DISTRIBUTED CONTROL
©® ADAPTIVE CONTROL
@ SHAPE CONTROL

SHUTTLE
EXPERIMENT
DEVE LOPMENT/
MECHANIZATIO

SHUTTLE FLIGHT
EXPEP i,
DEFINITION

POINT DESIGNS & ANALYSIS
© ANTENNAS

@ BOOMS

@ PLATFORMS

POIMT DESIGN
MECHANIZATION
CONCEPTS

SENSOR & ACTUATOR
REQUIRE MENTS AND
CONCEPTS IDENTIFED

SENSOR & ACTUATOR
GENERIC DEVELOPMENT
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SUMMARY OF KEY TECHNOLOGY NEEDS

The key technology needs for large space structure syatem controla may be
aummarized as follows:

(1) Modeling and model reduction techniques require extensive research.
Pregont day methodology is far from adequate., A unified and inte-
prated structural and control mideling methodology muat be developed.

(2) The control and stabilization of large flexible structures represent
a major challenge to the state of the art in control theory. Concepta
and methodologies must be developed for distribuced control, tigure
control, and active vibration damping.

4

- T Rt g

(3) Techniques must be developed to deal with the uncertainties associated
with structural dynamics, disturbancea, aystem nonlinearities, and

. control/structure interactions. Improvements in model development

! techniques can only solve part of the problem. In-flight syatem

identification is needed even by the simple early users, such as

LMSS, while adaptive-control approaches will become critical for

those systems that involve high-apeed slew operation and possible

configuration changes,

(4) Long~life and precision hardware components (such as sensors and
actuators) are needed.

g v

(%) Ground and flight evaluation of the new technologies is a necesxary
part of the technology development process,

MODELING AND MCDEL REDUCTION TECHNIQUES

CONTROL AND STABILIZATION OF FLEXIBLE STRUCTURES
DISTRIBUTED SENSING AND ACTUATION
FIGURE CONTROL
ACTIVE DAMPING

UNCERTAINTY MANAGEMENT

SYSTEM IDENTIFICATION
ADAPTIVE APPROACHES

-
[ J

HARDWARE AND SOFTWARE

GROUND AND FLIGHT VALIDATION
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During the Apollo era, the control designers became increasingly aware of the
flight control system dynamic intcraction with complex vehicle motion [1-4].

With the

advent of large space structures [5-8] and increasing demands on precision

pointing and control [9], active control of flexible space structures [10-14] will
be necessary in order to satisfy stringent performance goals. This paper
summarizes the surveys contained in references 15 and 16. These reports surveyed
the current enabling technologies for large precision space systems in the
following areas:

1)
2)
3)
4)
5)
6)
7
8)

Multibody satellite dynamic modeling theory
Large space structure vibration control
Slewing maneuvers for flexible spacecraft
Sensor, actuator, and components

Array processor technology

Fault-tolerant considerations

Large space structure type experiments
Large space structure test facilities

The technology issues in these areas of struntures, dynamics, and control were
esteblished by reviewing relevant space missions [17,18].

The major large space structure (LSS) technology issues (Figure 1) are:

(1)

(2)

602

Modeling Accuracy.--LSS modeling inaccuracies will limit achievable
control system performance. The more stringent the mission pertormance
requirements, the greater the LSS model fidelity required. These
modeling errors are grouped into three categories:

(a) LSS Structural/Dynamic Models.--These errors may be introduced
through initially assumed structural properties or by the truncation
process implicit in the finite-element method. In space, LSS
parameters may vary as a function of thermal gradients,
configuration changes, or depletion of consumables.

(b) Environmental Models.--These models must be investigated and
verified by appropriate experiments. Accurate knowledge of the
external forces (e.g., Earth magnetic and gravitacional fields,
solar wind and radiation pressure, and drag) acting upon an LSS
may be necessary to satisfy precision control requirements.

(c) Disturbance Models.--Internal/external disturbance phenomenon must
be understood and sufficient models developed. The achieva''e
control svstem performance will be a function of disturbance model
fidelity.

System Identification.--LSS structural model verifications will be
accomplished through system identification. Identification techniques
must be developed to determine structural parameters, modal frequencies,
damping ratios, and mode shapes. Such methods could be used to
determine environmental and disturbance models. Consideration must

be given to the type of sensors, onboard processing requirements,

data reduction, and post-processing requirements.

RIS TR
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(3)

(4)

(5)

Control Law Design Methodology.--The contrnl law design approach will

be a function of the structural/dynamic models, disturbance models,
and mission performance requirements. The design methodology must
address the following:

(a) The model reduction process will reduce the high dimensional
finite-element model to a tractable (lower order) design model.

(b) Reduced-order compensator design methods need to be developed
which ensure overall closed-loop system stability. These
methods must address the direct digital design problem.

(c) Implementation of these control laws will require analog/digital
mechanizations, which must consider centralized versus decentralized
processing, sensor/actuator configuration, fault-tolerant systems,
redundancy management and reconfiguration.

Sensors and Actuators.--Techniques will be required to determine sensor/

actuator placement as a function of the control objectives. The type
of sensor/actuator which meets the necessary performance specifications
must be determined. The dynamic characteristics of these devices

will be essential for evaluation of controller closed-loop stability
and robustness.

Avionics.--The high computational needs and sensor/actuator data rates
will require development of advanced system architecture and integration
in order to meet the 1990 type requirements. Fault detection, isolatiom,
and reconfiguration must oe an integral part of this development.

OPIGINAL pAGE |
OF POOR QUALITY
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Fundamental Problem:

Major Technical issues:
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LSS CONTROL TECHNOLOGY ISSUES

Design a finite dimensional compensator to control an
infinite dimensional system

(1)

(2)
(3)

(4)

(5)

Modeling accuracy

® Large space structures

® Upper atmosphere

® Disturbances

System Identification

Control Law Design Methodology

® Model reduction techniques

o Reduced order compensator design

e Overall system closed-loop stability

® Robustness of stability

e Direct digital design and implementation
Sensors and actuators

® Specification

® Type

® Placement

® Dynamics

Avionics

® System architecture and integration

o Fault detsction, isolation, and reconfiguration
® Data acquisition

Figure 1
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The large space structure technology issues with respect to spacecraft

categories (space stati
detailed in Figure 2.
of technology, applied
ground-based demonstrat
disciplines of control,
The technologies which
which might be required
either state-of-the-art
This figure emphasizes
avionics development,

on, large antenna, space-based leser, IR surveillance) are
Each spacecraft category is further subdivided into columns
research, sensor/actuator development, avionics development,
ion and space-based demonstration. The technology
identification, and modeling are subdivided into rows.
are required are shown as a solid black pbox while those
are represented as a dotted box. A blank indicates
technology or that the technology is not applicable.
the broad need for sensor/actuator development and

LARGE SPACE STRUCTURES TECHNOLOGY ISSUES

Spacecraft

i
f

Categories = Lorge Antenna | Space-Based Laser | IR Surveilionce

TECH

TECHNOLOGY
'

NOLOGY (SSUES =

Grownd-Based Demenstration

Space-Based Demenstration

li

Spece-Based Demenstration
Senser/Actustor Develepment
Awviomics Development

Tochnelegy

Appiied Ressarch
Semser/Actuator Develepment
Avienics Development
Ground-Bassd Demenstration
Applied Ressarch

Technelegy

CONTROL

Attitude Contrel

Slew Maneuver
Static/Dynamic Figure

Deployment
Construction
Articuloted Structures,
Rebetics

Grappling

Decking

Strectursl Vibeation Suppression

Disturbance inistion/Accsmmedstion

Station Keaping/Crbitsl Changes

Fault Detectian, Isoistion, Recantiguration

, Appondages

......
H h3d

Control

IDENTIFICATION

Medel Validetion

Input/Output Choractoriaation
Time Vorying Characterizstion
Phonamenelogy {nvestigation

MODELING

Deployment Dynomies
Envieonmctal Models

Structural Domping

Articuisted Structwres
Rebeties

Grappling

Ovshiny

Suuctursl Chorastorization i

Arhitrary Motion of Multipie Floxible Bodies

ik

'
it

MIGHT BE REQUIAED

Figure 2
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The large space structures technology issues overview of Figure 3 uses the
same format as the previous figure. Note that the solid black box represents
technology required by all spacecraft categories while the dotted box represents
those technologies required by some of the spacecraft. This figure demonstrates
those areas of common technology issues: structural characterization, structural
damping, fault detection, isolation and reconfiguration, sensor/actuator develop-
ment, avionics development, and ground- and spacn-based demonstration.

LARGE SPACE STRUCTURES TECHNOLOGY ISSUES OVERVIEW

TECHNOLOGY ISSUES -~

TECHNOLOGY
$

Avioncs Development
Ground-Based Demenstration
Space-Based Demenstration

CONTROL
Structural Vibration Suppression
Disturbance Isolstion/Accommedation
Attitude Control
Station Keepina/Orbital Changes
Slew Mansuver
Static/Dyreiniz Kiure Caneral
Fault Detection, Isolation, Recontiguration
Deployment
Construction
Articulsted Structures, Appendeges
Reboties
Grappling
Docking

IDENTIFICATION

Medel Vslidation
Input/Qutput Characterization
Time Varying Charocterization
Phenomensiogy |nvestigstion

MODELING
Deployment Dynemics
Envirsnments! Medels
Strustursl Chorsctovizetion
Strectursi Domping

Articulated Structutes
Rebetias

Gropplim

Docking

ntauineo oy AL i REQUIRED BY SOME

Figure 3
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To date, multibody satellite dynamics modeling theorv has not adequately
addressed multibody systems in which all bodies are nonrigid or in which
arbitrary bodies can be either rigid or nonrigid. The term "multibody dynamics
modeling theory" here refers to the line of research that originated in the
m1d-1960s8 with the work of Hooker and Margulies and Roberson and Wittemberg [15,16].
As shown in Figure 4, it is clear why the Euler-Newton methods of early
researchers have now been supplanted by the more general techniques of analytical
dynamics. Moreover, researchers in the aerospace field have been particularly
slow in eliminating th¢ modeling geometry of topological tree structures.
Furthermore, there has been little attention given to handling systems containing
closed loops. Indeed, for LSS missions requiring a deployment phase, the
techniques must be available for handling systems with closed loops. Moreover,
as shown in Figure 5, careful attention must be given to the selection of
coordinates used to model LSS, since the choice of coordinates can dramatically
affect the complexity of the resulting equations of motion.

The reason that researchers have turned to analytical dynamic modeling wethods
can be traced to the ease with which the constraint forces and torques between
contiguous bodies can be handled (see Figure 6). In particular, they have found
that using an absolute coordinate approach, combined with a Lagrange multiplier
approach or related methods, leads to significant efficiencies in both deriving
and roding the equations of motion for LSS.

Nevertheless, it is necessary to do tie Jollowing: (1) develop modeling techniques
for reliability handling of systems where arbitrary bodies can be rigid or nonrigid,
(2) develop procedures for handling interconnected structures of bodies containing
closed paths, and (3) develop techniques whereby the constraints at joints can be
very general.

A
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COMPARISON OF EULER-NEWTON METHCODS
VERSUS ANALYTICAL DYNAMICS METHODS

Subject Euler-Newton Methods Analytical Dynamics Mat“ods
Advantag.-.| ® Physically motivated problem 9 Easily determines the constraint forces and
formulation torques betweon contiguous bodies
Handles rigid body topological tree | ® Handles rigid/flexible body topological tree
structures (terminsl body flexibility structures
can be accounted for)
¢ Handles topological tre: structures con-
taining closed !oops
o Easily handles adding or deleting bodies
from a model
o Handies general joint constraints
o Easily applied to multibody LSS (deploy-
ment)
Dis- Awkwardly handles the determina- | ® Abstract problem formulation
advantages tion of the constraint forces and

608

torques between contiguous bodies

Difficult to apply to LSS not con-
nected in a topological tree stricture

Difficult to apply to multibody
LSS when arbitrary bodies can be
nonrigid

Difficult to modify special purpose
computer codes | F bodies are either
added to or removed from the model

Figure 4

Techniques fo: handling holonomic con-
straints require some sophistication on the

part of the analyst
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GOORDINATE MODELING TECHNIQUES FOR MULTIBODY DYNAMICS THEORY

Subject The Absolute Coordinate Approach

The Relative Coordinate Approsch

Descrip- o Each body is modeled individually
tion

¢ Each body poswsesses six rigid body
DOF* and N generalized coordi-
nates for modeling flexibility

Ad- ¢ Great analytical simplicity
vantages
o Permits sazy addition and deletion
of bodies in & multibody com-
puter simulation
e Naturally lends itself to muitibody
LSS simulations
Dis- ¢ Maximizes the numbaer of constraint
advantages squations to be deslt with

*{DOF) degrees of freedom

Figure 5

One body is selected as & reference body,
then at sach joint relative coordinates are
ansigned for each unconstrained DOF

The total number of degreys of freedom
for the model consists uf: (1) six ¢
body DOF for the reference : (Q) the
relative DOF ot the joints; and (3) the
lized coordinares for the flaxible
effects of sech body

Minimum number of DOF required
Eliminates the constraint foross and

torques at the constrained DOF at the
joints

Creates ditficult bookkesping problems

Difficuit to modify if the vehicle topology
changes

SOLUTION TECHNIQUES FOR EVALUATING CONSTRAINT FORCES AND TORQUES

Obesrvation:  The ability; to efficiently evaluate the constraint forces and torques arising in the
equation, of motion constitutes the principal resson analyticat dynamics methods
are suprrior to Euler-Newton methods for modeling LSS

Available Techniges:

Lagrange Jorkovsky's Transformation .
Subject Multiplier Method Operator Approach Baumgarte’s Method
Ad- sSimple algebraic ¢ Eliminates the constraint ¢ Stabilizes differentiated
vantages solution forces and torques alto- constraint equations by
gether requiring the conatraint
sEmily implemented squation to satisty a seoond-
+ Compurationaily efficient order differential equation
with artificial stitfness and
danping
Dis- *Requires artful tech- *The method is very alstract | The artificial demping and
advantages | niques for maintain- stitfness matrioes ace
ing integrated con- selected in an ad hoc
straints {(e.g., error manner
impuise momentum
correctiom)

Figure 6
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Precision pointing and control trends [9] through the year 2000 will require
pointing accuracies ranging from 10 arcsec down to 0.1 arcsec with corresponding
stability requirements ranging from 1 arcsec down to 0.001 arcsec. These
stringent requirements and the large space structure (LSS) characteristics
(closely packed, lightly damped, low frequency modes) have motivated a plethora
of research in active control of space structures (ACOSS) [11-14]. Figure 7
shows a hierarchy of vibration suppression methods. The level of vibration
control complexity is a function of the LSS characteristics, performance require-
ments, and disturbance characteristics. Naturally, structural response
minimization methods such as tuning, stiffening, and material damping should
receive first consideration.

VIBRATION CONTROL HIERARCHY

>
> ~ @ STRUCTURAL TUNING, STIFFENING

w >

§ |3 o pistursANCE 1s0LATION, ACCOMMODATION
S| |2 S e STRUCTURAL DAMPING AUGMENTATION

9 2 e MODALCONTROL

2| L e FIGURECONTROL

S ¥

Z

Figure 7
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Reference 19 addressed the issue of passive and active suppression of vibration
response in precision structures from a structural point of view. The results of
this 1977 state-of-the-art assessment showed that the 1 to 3% achievable damping
was insufficient for 1990 requirements. It is this study which motivated the
current DARPA ACOSS program. The objectives of the ACOSS program are threefold:

(1) Develop a unified technology base in structural dynamics and control
for large precision space structures.

(2) Demonstrate the applications of this technology through analysis and
simulations.

(3) Verify this technology through ground-based proof-of-concept experiments.

Figure § presents a summary of the ACOSS program.

ACOSS PROGRAM SUMMARY
Company Control Theory Control Design & Analysis Experiments
Convair Model Error Sensitivity MESS Flyswatter Piste
Suppression (MESS) Disturbance Accommodation (IR&D)
Draper Reduced-Order Modeling Structural Damping Augmentation (SDA) Beam (IR&D)
Reduced-Order Contraller Modern Modal Control (MMC)
Output Feedback SDA/MMC
Sensor/Actuator Placement Actuator Synthesis
Optimal Slewing Maneuvers Visturbance Rejection
High Resolution System Identification Sensor/Actuator Placement

Optimal Slewing Mansuvers
High Resolution System Identification

Honeywell System Identification Singular Values
Hughes Electronic Damping Electronic Damping Holow Cylinder
Lockheed Low Authority Control (LAC) LAC, HAC Mini-Beam
High Authority Control (HAC) LAC/HAC Maxi-Besm
Modal Cost Anatysis (MCA) Frequency Shaping Vertical Pipe
System (dentification Circuler Plate
Wheel (trame)
Toysat
POC
TRW Stability Ensuring Methodology Stability Ensuring Methodology Plats (IR&D)
System Identification System {dentification
Adaptive Control
Figure 8
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With the increasing size and inherent flexibility of many future satellites,
there have come new and more difficult attitude control problems. In particular,
the nature of the resulting attitude control problems can be divided into the
two categories shown in Figure 9. It is important to understand and appreciate
the fundamentally different control requirements which characterize the attitude
stabilization and slewing control problem. In addition, as shown in Figure 10,
one needs to understand the different techniques available for both defining
and solving the two-point boundary-value problems which define optimal spacecraft
slewing maneuvers.

The subject of spacecraft slewing maneuvers has received the attention of
many authors (see Figure 11). The work to date encompasses many important
subjects, including: (1) linear/nonlinear open-loop methods, (2) distributed con-
trol, (3) on-off thruster control, (4) feedback control, and (5) experimental
results. Nevertheless, much additional theoretical and analytical work is
required before reliable techniques will be commonly available for LSS
applications.

COMPARISON OF THE ATTITUDE STABILIZATION
PROBLEM VERSUS THE SLEWING PROBLEM

Attitude Stabilization Problem Slewing Problem
Plant Description Plant Description.
® Small rigid body rotations and ® Large rigid body rotations and smali
elastic deformations assumed (linear elastic deformations assumed
plant dynamics) (linear/nonlinear plant dynamics)
Control Law Formulation Control Law Formulation
® Infinite time problem (steady-state ® Finite fixed time (time-varying control)
control) ® Fixed end conditions (e.g., 6(tf), n(te),
® Free end conditions and 7(t¢) are specified)
® Shape and/or figure control ® The elastic degrees of freedom are to be
specifications minimally excited during the maneuver
® Minimum control spillover effects ® A vibration suppression constraint is
imposed at the end of the maneuver
® Free end conditions for 6(t¢) and ] (t¢)
for spin-up maneuvers, despin maneuvers,
and slewing to engage moving targets

Figure 9
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SOLUTION TECHNIQUES FOR OPTIMAL SLEWING MANEUVERS

Minimum:  J -]J L(x, u, 4, ..., ul®); 1) dt

L S P

t% ORIGINAL PAGE IS

: Subjectto: X = f(x, u;t) OF POOR QUALITY

; Given Seacified

. Xg. ¢ Yo, tgr - 4V
i . (k-1)
E !fl !lf, wony '_"

‘ THE CALCULUS OF

VARIATIONS APPROACH THE OPTIMIZATION APPROACH
Leads to: Assume:
State x = f(x,u;) 2k+2

. ui{t) = I aq0:(t)
Costate A = gix, \;%) : j i

Control  ul2K) a hx, A, u, 0, ..., ul2k-2).y)

where
¢;j(t) denotes the i™h assumed time
function for the ith control
8 denotes the unknown coefficient
for the ith control and j™ time function
- Exponential matrix solution for the resuiting | + Iterative successive approximation
two-point boundary-value problem strategy for the 8 coefficients

8211A3704

Figure 10

OVERVIEW OF RECENT WORK IN SLEWING MANEUVERS FOR FLEXIBLE SPACECRAFT [15,16)

< ag i g % gg 3 L]
Subject : E 'E 2 ! 8
gg 53 g “ > | J@ ; ]
Rigid +1- Flexi-Mode Plant vVIiviiviIivIv]|v IV |V] V
Rigid + Flexi-Modes Plant viv|v v
Distributed Control v v
Parameter Variation Sensitivity v v v
Open-Loop Control o¢ Nonlinesr Plants v v
On-Off Thruster Control Vv v
Control Smoothing Techniques v v v
Fesdback Control v v v
General End Condition Problems v
Experimental Rewlts v v
Suboptimal Control Vv v
Large-Angle Maneuvers v v v
X Small-Angle Maneuvers vViiviIiviviIiv]Vviv V]V
Figure 11
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Figure 12 shows the block diagrams for an LQG controller and a HAC/LAC
controller. Sizing the control law algorithms [15] for these two approaches
assumed a 50 Hz control bandwidth, 250 Hz sampling frequency, 2 bytes/word
accuracy, and a data flow rate of 500 bytes/sec per sensor or actuator.
Figure 13 presents the floating point operations (FLOP) per control cycle as
a function of the number of control states (2 states/mode) and the number
of sensor/actuator pairs.

CONTROL LAW ALGORITHM SIZING

LQG APPROACH

i T T pep—

HAC/LAC APPROACH

Figure 12
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CONTROL LAW ALGORITHM SIZING (Cont)

TYPICAL AP CAPACITY © 250 cycles/s

Wk

FLOP/LACCYCLE

(LAC FLUP + & HAC FLOP): Sn2 41

7 m 2
7 “4‘nuoinﬂm0502ﬂ\

Sk

8

NAL
m = 36 [ANTEN

CAPACITY @
250 LAC/s

i Aoa 100 1 A PUNEED SO U T S | 1 i i J -t
1 2 5 16 0 80 t 2 L] 10 20 50
NUMBER GF CONTROLLED STATES in) STATES UNDER HIGH-AUTHORITY CONTROL in“)
Figure 13
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Regarding the array processors surveyed (Figure 14), the primary function
of these devices is signal processing, which requires high throughput while
performing filtering on data collected in real time. Because of their speed, the
array processors would appear to be candidates for closed-loop control. Several
array processors are ruled out for closed-loop control application because of
their fixed-point arithmetic. The loss in speed incurred by the host/array
processor transfer of sensor/actuator data prohibits those which have no direct
1/0 capability. Hence, FPS-100, FPS-164, AP-120B, AP-180R, AP-190L, Datawest 460,
MAP 300, MAP 200, MAP 6400, Magnavox (Mil Spec of CSPI MAPs), and CDA MSP-300 are
the major contenders. There are mixed reports concerning the success of array
processors in real-time closed-loop control. Conflicting reports have indicated
that a major rewrite of the operating system was necessary. Despite the
negative tone, closed-loop control with an array processor capable of direct,
programmed 1/0 poses no fundamental prob.em. It simply appears that no one has
thought of this or has had the need to use them in such an application. In col-

lecting data for this survey, array processor engineers were unfamiliar with closed-

loop control applications but saw no difficulty in their implementation. The
MCP-100 {20,21] 1is an untried prototype processor which was designed specifically
to implement LOG controllers. Figure 14 presents an overview of the avionics
data processing status.

AVIONICS DATA PROCESSING ORIGINAL PAGE IS
OF POOR QUALITY

THROUGHPUT (MFLOPS)

2 - b= -
e o z 3 3
EXISTING SPACE PROCESSOR ——1—T—T—T— .
O 2 9>» r 2z
R8I :
g g2 a4
NEAR-TERM PROCESSOR
£ >3 2
m =% 2
S B
08
MICROPROCESSOR - (%}
g £
r— TTT T T 1 1
ARRAY PROCESSOR § % I §-“ ! g g
- BRI -
3 §38 48 § & %
PROJECTED TRENDS 9 q
(AVIONICS) N . _ N :
3 8 8 8 3
EXISTING CONTROL »
4
[~
LSS CONTROL j MODEL DEPENDENT
~ F-'__—-‘
m
————— e
LSS IDENTIFICATION
Figure 14
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Sensor technology (see Figure 15) for sensing submicron vibration in large
precision space systems is not available off the shelf. Optical measurement
techniques provide the best potential because of their high bandwidth, accuracy
and resolution. Pilezoelectric sensors are another candidate. Lockheed, Hughes,
TRW, and Itek are pursuing these technologies. The only inertial grade space
accelerometer is the BELL XI which is expensive by comparison to optical devices.
CSDL is investigating the potential of a Three~Axis Angular Rate Accelerometer
(TAARA) and a Six-Axis Space Sensor (SASS). The high cost of inertial grade
space gyros is the major disadvantage. Even though these gyros exhibit low noise
and drift, their bandwidth is less than 50 Hz. Fundamentally, the sensor
technology for submicron vibration sensing is available but exists only as a
laboratory demonstration.

TASLE OF TYPICAL SENSORS
T Device Sandwidth R Heselution Power m‘ Size Comments
Mo (Ha) e " o2} iin.)
LvVoT 0-500 1.0 mm 6 um 03 23 050x21
Capacitive prabes A-50k 0.1-1.52 mm 0.001 um 18 0830x37
Position
Intarferometer 0-50 001 m 0.00 um 0.0004 - - LMSCE 100 M
microphase sensor 0-2 <0.08 um LMSC
SAMS 0-8 £30 em +0.2 mm [ %] - A7 x080x 18 | TRWOAEM
BIRD 1) 0-8 30 em 0.3 mm "2 - @12 M
RVDT 0-500 +1 rad 0.01 red 1.0 19 1.10x19
Angle
Optical encoder 0-78k o 0.0008 rad - B 300x 48
Inertinl acesleromater o108 100y 0.1 1.5 17 09D x 14 Medified Boll X1
Aceeleration
Przoelectric -1k tMy 00,9 14 0150 x 18
accalerometer
Pruzosiectin transducer 0-76 13.84N 18 mN - 04 040x 10 Fores ik
Fores
Strain guage 0-50k 240k um/m § um/m (X1 (1] 0.26 x 0.02 x 0.082
Rate Inertiel gyre *-200 - 0.001 e - n2 250x18 CSDL IT66
Figure 15
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Actuator technology (see Figure 16) for submicron vibration control relevant
to the large precision space systems problem is virtually nonexistent. Piezo-
electric devices provide the best potential. With respect to slew maneuvering
and attitude control, Control Moment Gyro/Reaction Wheel (CMG/RW) is not capable
of either. For attitude control, the CMG/RW is required to have low noise/low
bandwidth characteristics, while for maneuvering, it is required to have high
torque/high bandwidth characteristics. Today's CMGs and RWs fall in between these
diverse requirements as shown in Figure 17. Thruster technology has the potential
for high torque; however, these devices lack a continuously variable thrust level.

TABLE OF TYPICAL ACTUATORS

T Devi Bandwidth Charactsristics Weight Power Size
vt e (H2) W | W (in)
Rsaction whea! 0-100 5 ib-in./7 f1-db-s 12 16 120x178
Torque
Control momentum gyro 0-50 500 ft-1b/2300 ft-1b-s L] ] 50 49 sphers
Puised plasma thrusters - 0.0003 M/1000 s SPI 145 28 18x71x9
Force | Piszoslectric actuators 0-5k 1 Nm/15 um range 1 - 0.70x2
LMSC Proof Mass 2-200 108 - - -
actuator PPM
Figure 16
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TORQUE/MOMENTUM CAPABILITIES AND REQUIREMENTS

100,000 zr////////////
/]
[ ]
/]
'; Retarget
}; and Slew
4 A
10,000 c A
é High BW, High Torque
D.G L/ L LLL L L &L Y
® [
Precision DS’ QG o SG
- Tracking
100012 77 /7 7A
"y
y ST
[ Low ) WRAP-RIB
s Noise 7/ & *SG
) HOOP-COLUMN
4 ACS
100 2L 2L //1/{
T 1 | ¥
0.1 1 10 100 1,000 10,000 100,000
TORQUE (N - m)
% Technoiogy Development Required
MOTES: (1) ST = Space Telescope Reaction Wheel
(2) ACS = Attitude Control System
(3) DG = Double Gimbal Control Momentum Gyro
(4) SG = Single Gimbal Control Momentum Gyro
{5} WRAP-RIB {56 m Dish Diamater, 80 m Boom)
(6) {OOP-COLUMN (118 m HOOP, 88 m MAST)
Figure 17
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Very little work has been done in the area of fault detection, isolation, and
reconfiguration for large space systems per se [22,23]. Therefore, a broad,
weil-planned technical effort is needed to successfully apply fault-tolerant
technology to large space systems and gain the benefits of improved system
performance and reliability which can result f-.-m it. Fortunacely, a laige
amount of theoretical and applied work has been done in the fault-tolerant
technology area, which forms a solid and broad basis for the development of a
fault-tolerant large space system. This is especially true in the areas of
computation, failure detection, isolation algorithm development, reliability
analysis, digital system architecture, and the application of fault-tolerant
technology to space, naval, and aircraft systems. Figure 18 shows that a
system with 50 components (N=50) whose mean time between failure is 100,000
hours (12 years) can expect 4 component failures each year.

FAULT-TOLERANT CONSIDERAY 'ON

100
EXPECTED L] o
NUMBER OF -
FAILURES
PER YEAR N
1=
-
oS5
1 L L L1ll ol I L 11
10,000 100,000 1,000,000

MEAN TIME BETWEEN FAILURES (h)

N = NUMBER OF COMPONENTS

Figure 18
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The relevant large space structure experiments (sze Figure 19) to date
considered either beams or plates, with one exception, Lockheed's proof-of-
concept (POC). The advantage of these choices is the ability to analytically
predict the dynamic behavior of the structure and thus compare the analysis
to the experimental results. The obvious drawback of these experiments is
the fact that almost no realistic large space structure has the characteristics
of a beam or a plate, although it might contain a flexible beam (e.g., the boom
connecting the feed and the reflector of an antenna). None of the experiments
employed a truss structure--a likely large space structure configuration. The
current level of performance in these experiments was for large deflections, even
though deflections in the submicron range are anticipated for large precision space
systems. The Draper RPL-EXP is the only experiment which incorporates thrusters.

RELEVANT L3S EXPERIMENTS
Company Tyee Deseription Somer Actuster Demonstration
Conveir Pioe Finod-free Rste gyres Torque wheok Model secrer mngitivity mppremsion
68" X 103" slumisem
4" x 110" vaided beams
Boom Finod-tree Pezeshstric Eleetredynsmic Obmrvetion/sontrel
o 147 X 17 X 58" sluminem osssloromaters shoher medern model sontrel
reper
RPL-EXP | & boumne Angle saceder Cold gos thrueters RCS controlier
(178 X §” x 48" sluminum) Oesign methods for Hoxible spece-
santiloversd 10 hub on ol [ L]
bearing table
Hughes Cylindrigal|  Hollow fiborgloss cylinder Plezseisctne Piszesisstric Elostronis domping
mast (8.23 em x 4.3 om din. X M strein oaramis sivein
68 om long) tromdurent tronsdusers
ot Boom Pinned-free Eddy suriont Brushioss de edern medel contrel
::“u“an“muh- position mnter torque Mmater
LsRC Geom Suspended Neassatasting Lizatradynomis
127 8" x Y18" doflaction semeer, shobue
shumnum lood sonser
Seam Fined-troe Opticsl 1ote 9aser Proot-mem Low sutherity sontrel
¥ mogaesivm
1-Beam Fixd-tron Optiest rate mnser Single gimbal CME Low sutherity asurel
15 X 18" (400 ) sluminum
Vortingl | Furd-free Piveted prool-men Low sutherity sontrel
Seom ¥ slumioum quad-dutester Syviom identifiention
Lochhoed aé tip messss pho:o diodes .
Ciresler |  Susponded, 2 meter diomoter, Muiti-chennel Pivoted prosi-men Low suthesity seatrel
plowe slumingm micre-phos optiss Lowhigh sutharity seatrel
Syouw dospgguion |
Frome Susponded 2 meter diamoter Acssierometers, Piveted prool-men
shumisum wbes i
Ru—
Tovat | Suspended rigid bedy Assslorometon, Elootronseis sstuaters |  Open loep torque profils high -
1.6, csntilover besms LVOT velosity sutherity ssatrel
clomisum pisholhs
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The major potential large space structures test facilities are the Air Force
Rocket Propulsion Laboratory, Arnold Engineering Development Center, Boeing,
Ford Aerospace, General Dynamics, Johnson Space Center, McDonnell Douglas, and
the TRW Systems Group.

Ground-based environmental testing of large space structures si .tions or
components may be required prior to actual space construction. The issues
of zero-g and seismic disturbances cannot be ignored; however, experience has
shown that prudent ground-based testing of spacecraft can reduce operational
risk. Figure "0 presents a representative survey of large  .vironmental space
chambers which could be utilized in an appropriate large space structurc
ground-based test program.

LARGE SPACE STRUCTUAE VACUUM CHAMSER SUMMARY
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A COMMUNICATION SATELLITE EXAMPLE

Richard Gran
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Large Space Antenna Systems Technology - 1982
NASA Langley Research Center
November 30 - December 3, 1982
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This talk summarizes work that was performed under contract to the International
Telecommunications Satellite Organization (INTELSAT). The problem posed was how
does one design a controller for a large flexible communication satellite. The
satellite that was developed for 31 "straw man" was configured as an offset fed
paraboloid with a set of masts and booms that carry the antenna. The controllers
were both a boom and mast actuator and a set of two degree of freedom actuators

at the antenna to move it in order to satisfy both line of sight and defocus
control.
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One of the problems with the control of large space structures is that it has
been given only limited attention because the control theorists have tended to sell
control theory as a miracle medicine - like step two - but, while control theory
can be very effective, the solutions that have been developed so far for the large
space structures control problem are too unwieldy and difficult to implement.

"1 think you should be more explicit here in step two."
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Structural control problems are inherently infinite dimensional. They are in-
finite no matter how you look at them, and they don't lend themselves to simple
reduction in order because you can't simply cut the loop and view the problem as

finite. If you do, you could make errors. The only way is to iterate on the order
reduction.
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The procedures we developed for designing control systems are outlined in the

5 step iterative procedure described in this figure. The idea is to reduce
the order based upon a preliminary control system bandwidth evaluati~n, then use
this to design the control system. The bandwidth of the resulting controller is
then known and you can return to step one to reevaluate the design model. Step 3
is therefore a point for iteration on the design and the way the loop is broken
in the infinite dimensional problem.

STEP 1 — FINITE DIMENSION DESIGN MODEL

1. PICK CONTROL BANDWIDTH (w¢) BASED ON CONTROL OBJECTIVE

2 BASED ON LEVEL OF DAMPING, DETERMINE MAXIMUM STRUCTURAL
FREQUENCY TO BE RETAINED (wy)

3. USING MODE DESCRIPTIONS:

¢ KEEP UNSTABLY INTERACTING MODES - EVEN THOUGH
THEY HAVE LOW COSTS

e DISCARD, IF NECESSARY, LOW FREQUENCY STABLE MODES
WITH LOW MODE COSTS

® DISCARD UNOBSERVABLE OR UNCONTROLLABLE MODES

NOTE: IF THESE MODES HAVE HIGH MODAL
COST, THEN ADD SENSOR/ACTUATOR AT
OTHER LOCATIONS

® PLACE SENSORS/ACTUATORS USING STABLE INTERACTIONS
AS CRITERIA, BUT REMEMBER THAT SOMETIMES NONCOLLO-
CATION IS NOT POSSIBLE

STEP 2 — DISTURBANCE MODELING
e INCLUDE IN MODEL ALL DISTURBANCES, BOTH STOCHASTIC

AND DETERMINISTIC

IN GENERAL, MEASUREMENT OF DISTURBANCES 1S ASSUMED
TO BE IMPOSSIBLE

STEP 3 — DESIGN

® [TERATIVELY CHANGE DESIGN MODEL IF wc iNCREASES

STEP 4 — ACTUATOR & SENSOR PROLIFERATION TO IMPROVE PERFORMANCE

e |ITERATIVELY ADD SENSORS TO IMPROVE PERFORMANCE IF DESIGN
DOES NOT MEET SPECS

® ITERATIVELY ADD ACTUATORS IN SAME MANNER AS SENSORS —
AT EACH STEP REEVALUATE STABILITY OF MODES

STEP5 — ROBUSTNESS

® VERIFY DESIGN IS INSENSITIVE TO PARAMETER VARIATIONS
Large space structures control design.

ORIGINAL PAGE 1S
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The model spacecraft that was used to design the control systems for INTELSAT
is shown in the following two figures. The structire is completely deployable using
ASTROMASTs and a hoop antenna. The actuators are such that defocus and line
of sight motion can be controlled (if desired) along with the rigid body (the central
core where all of the electronics and the feed horn are located).

The finite element mode! is shown in the second figure. It offers enough detail
so that the modes out to the antenna are accurately (consistently) defined.

} S A . A gl .. TR . . E
{(ROLL) -
{10 m}
BODIES ARE CONNECTED TOGETHER .
WITH PIVOTS AS FOLLOWS: ASTROMAST I
BEAMS
e 80DY(DTO BODY(D- PITCH (V) DEPLOYED
ROTATION ONLY , DEPLOYEC
e BODY(DTO BODY@- PITCH (Y) ' ) DT TTITTIPErINN o
AND ROLL {X) ROTATIONS o POSITION & RATE
o ASTROMASTITO®) “DEFOCUS™ SENSORS
"SQUEEZED" BY WORM ACTUATOR
SCREW DRIVE ACTIVATOR 3 \\Is )
20° (89 m) \ 7

SMALL
ANTENNA

: . {
' ' ' k
w SOLAR ARRAY ' o :

(YAW) 1

Phase III configuration. (From ref. 1.)

630



N . 2 WT - 408208
MASS « 1838 KG
\\ l - :m x 10% KG
N ORI"MIAL PAGE IS
N ASTROMAST OF FOOR QUALITY
)
47FT,14.3M
ASTROMAST
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(a) Schematic of finite element model.
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- | .-
* U oa s L‘J 3
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Yo e tﬁ“:a\p ‘ ‘
Spybe 1

(b) Finite element model.

Phase 11l spacecraft model. (From ref. 1.)
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To reduce the model order to a finite model with accurate representation of
tne significant dynamics, one must know precisely how each mode affects the per-
formance of the system. Thus the line of sight motion in pitch and roll is used
along with the perturbation in the antenna-to-feed distance as the criteria for
good control. The antenna feed perturbation, for example, is computed as shown.

2 2 2
L =Vl - x50)° + (yy ¥5g)” * (2 “250)

aL oL L oL aL aL
— 9 +[~— 13 + 92, +[ = ) OX +{— 23y + s } 32
<3x2)0 X2 <3y2> Y2 <5_22> 2 (ax50> 50 (ay50> 50 <3250

ax(axz - 3"50) + ay(ayz - ayso) + az(az - azso)

aL

Line of sight motion.
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The modes that have a significant effect on the performance measure (1ine of
sight motion and defocus) are the only ones that are usually retained. This can
lead to disastrous consequences when actuators and sensors are not at the same location.
This is illustrated by the two mode shapes in this figure. The one on the left is
unstably interacting and the one on the right is stably interacting. The argument
is simple and straightforward. The mode on the left will be driven unstable because
if the sensor detects a clockwise rotation it would normaily send a signal to the
actuator to cause a counterclockwis.: torque. In this case, that torque would further
twist this mode, causing it to i.crease in amplitude. For the mode cn the right,
Just the opposite is true. The interaction is stable.

The only way a control system can control a mode such as the one on the left
is to introduce an 180° phase shift at that mode frequency and nowhere else.

. ACTUATOR
ACTUATOR
SENSOR
SENSOR
Unstably interacting. Stably interacting.

Mode shapes for stable and unstable interactions. (From ref. 1.)
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For a control design, unstable modes show up as pole-zero dipoles where the
pole is before the zero. In severe cases, the zero moves to infinity and reappears
as non-minimum phase zeros (zeros in the right half plane).

The lesson is that unstably interacting modes must always be retained in the
model unless they are so high in frequency that they dun't interact with the control
loop. To do otherwise could lead to an unstable control system.

ORIGINAL PACE IS
OF POOR QUALITY

2,25<9 SENSOR THE “MORE FLEXIBLE” THE MODE
THE HIGHER UP THE ZERO

Unstably interacting mode for
translational actuator/sensor pair.

™%
ACTUATOR
TYPICAL ROOT
P iocs
SENSOR CONTROLLER M._(
2)<0 ADD ZEROS N%AR
(SLOPE 1} (SLOPE 2) ADD ZEROSWEAR
FOR ANY UNSTABLY
i : INTERACTING MODE
Unstably interacting mode for 0 PROVIDE DESIGN
rotational actuator/sensor pair. ROBUSTNESS
SLOPE m) TRANSLATION

ROTATION

WHEN THE MODE ENERGY EXCEEDS

THE RIGID BODY ENERGY (VERY

FLEXIBLE MODE) THEN THE ZERO

APPEARS ON THE POSITIVE REAL
REF AXIS — NONMINHAUM PHASE

Pole-zero configuration for
unstably interacting mndes.

Unstably interacting mode
for mixed sensing/actuation.

Example: shapes for unstable interactions. (From ref. 1.)
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One way of evaluating the cost of each mode is to put the disturbances in.o
the structural model and draw a power spectral density function (or Bode plct) of
the performance criteria. This plot not only shows the modes that contribute to
the cost, but also those modes that are unstabiy intera:ting (those whose zeros "2"
come befere the poles "P" are stable and vice versa).

OR'GINAL paa
o E
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- NOTS. POLD 28RO ORORA
2+9 - ZINOPOLE
- ? -2-/0LE-20R0
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“130 b P n
= 4 » » Pnw
| '
Yy - 1) n
3
== ’2
-t P~ (" ”:
™ 10
- L |
90 ’2 "
o 1 DISTURBANCE
) FREQUENCY RESPONSE FOR DISTURBANCE SHOWING MODE
- RESONANCES (MODE NUMBER) AND A~ JOES WITH LARGE MODAL COSTS
el vt s i
v

@

|
FAE0 RADRSC ' W

NOTE' THE MODE COST FOR THIS DESIGN WAS L.0.5. MOTION, AND THE DISTURBANCE WAS A

MONOCHROMATIC SINUSOID AT THE FREQUENCY SHOWN,

Mode costs for a structure. (From ref. 1.)
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The following hree mode shapes are all useful for evaluation of the modes
to retain. Once again they can be used by themselves to determine which modes
to retain. They are interpreted using the mode shapes that are drawn along with
the locations of the actuators and sensors. Stably interacting and unstably in-
teracting modes can be picked out rapidly with a 1ittle practice.

UNOBSERVABLE e R o
AND UNCONTROLLABLE E TN
U N RN
. RN . e XR2
\'.“‘ Y | Ao T UL M
N .—~:..\"~‘:i§"‘§<&‘$!:”~
e
B
% f* - "".t.-
s s l_,”‘ﬂ‘
i Mode 19 freq. 0.736. ORIGINAL PAGE 15
OF POOR QUALITY
CONTROLLABLE, OBSERVABLE I .
AND STABLY INTERACTING FOR E N
ANTENNA SENSORS SR R S
FooEems e\ '
T ¥ \\\"‘\A ! 7
PO ,'..l--‘ e .
\ AN '
\ "“\',\’~"'§1" s.-
N \ b A SN
F. hatly ¥ ‘,.\ gl
.’ ) .',\.
WS
\., .
P ' -\ ’ '
o oo b
. :ﬂ‘l’*"x""i\‘.\m;.&.:_‘}:g‘l-:' '
Mode 20 freq. 0.766.

Configuration 2 deployable antenna and solar array. (From ref. 1.)
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OBSERVABLE, CONTROLLABLE AND
UNSTABLY INTERACTING FOR ANY
SENSOR NOT AT CORE MASS

Mode 13 freq. 0.179.

UNSTABLY INTERACTING FOR

CONTROLLABLE AND OBSERVABLE T s ST\
ANTENNA SENSORS \\
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Mode 14 freq. 0.220.

Configuration 2 deployable antenna and solar array (concluded).
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s

UNDEFORMED SHAPE

Sis

MODE 1 3.673 Hz

MODE 2 3.6752 Hz

i

MODE 3 3.6752 Hz

MODE 4 3.6782 Hz

i

MODE 5 3.6752 Hz

MODE 6 3.687 Hz

Configuration 2 antenna modes.
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To determine the preliminary control bandwidth, a simplified analysis
such as that shown in these two figures is used. The noises (disturbances)
are modeled as white noises exciting linear systems, and the simplest block
diagram that can be conceived of as achieving the design objective (here a
rigid body controller) is used. The bandwidth of the control loop is then
varied to see what the effect of the disturbances on the performance is. There is
always a minimum noise response that determines the bandwidth. Thic bandwidth is
then used to truncate the model to a maximum frequency that is, say, 10 times higher
thar the bandwidth. (There is a criterion that we have developed that is based on
the damping levels expected in the structure. See ref. 2.)

POGR <K
!
QuALITYy GYRO
K, Ng!GYRO NOISE!
REACTION
WHEEL
+ = [ ]
Na 1 0 : 0
K, —_ 1
(ATTITUDE Iyt RATE ATTITUDE
NOISE)
+ Td
(DISTURBANCE
TORQUES)
ATTITUDE
SENSOR

Simplified block diagram of attitude control system. (From ref. 1.)
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SOLAR DISTURBANCE TORQUE ( 1 )

INERTIA sec?
100 T )
L, 2x 10 ]
‘ ANTICIPATED
1x108 > RANGE FOR
/ | CONFIG 2
10 4 9
2x10

/ y

Q
w
(o]
m\
o
€ 1
(1 o
w
w
(a]
2
g
T
g
¥ DESIGN |
u RANGE | ATTITUDE & GYRO
NOISE LIMIT
2_ .3 2
) A N =107 (DEG/HI?/HZ
102 G
/ NA2 =7x10° DEGY/H;
103
0 1 10

CONTROL SYSTEM BAND PASS, RAD/SEC

ATTITUDE ERROR

Performance tradeoff analysis. (From ref. 1.)
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This chart delineates the first 31 modes and whether or not they were retained

or discarded and why.

¢

) OBSERVABILITY AND CONTROLLABILITY OF STRUCTURAL MODES
= Y
; Observability Stable o Linstable Retain R or Discard D
2 Mode No. No Yos Solsr Array | Antenna Clas1 | Class2 | Class3
i 7 v D D o}
_ At Core At Antenns D R R
i At Core At Antenna D R R
- 10 At Core At Antenng D R R
1 n v o] 1] D
: 12 v ) ) ()
' 13 v v v R R R
14 v 2 R R R
15 v D D o}
18 v S v R R R
17 v ] 0 ]
18 v o) o] (o)
: 19 v D D D
Lt 20 v ] v R R R
' i a v ] 0 o
R 22 v v R R R
23 v 3 R R R
; 2 v ] ) )
? 25 v D ] D
’ 26 v u S R R R
27 v 1] 0 D
28 v S s R R R
. 2 v D ) (]
' 0 v D ] )
. § N v s u R R R
| ,’ NOTES:
» : 1 For attitude sensor located in center body, nodes 400 through 410
i 2 Will not excite solar array
N 3 Neutral because control torque is uniformly distributed on solar array about Y axis
.

Observability and controllability of structural modes. (From ref. 1.)
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Three classes of controllers were investigated during the contract. They are

shown in the figure. The class 3 design is shown in more detail in the next figure.

The gains denoted by D in this figure were the only ones that were optimized.

The combined structural dynamics, actuator dynamics, and sensor dynamics led to

a system of order 44 (24 for the retained modes, 6 for the actuators, 12 for the
sensors and 2 to model the sinusoidal disturbance due to the solar array motion).
Thus the full state solution would have required 528 gains (44 times 12) to
achieve almost the same performance as was achieved here with only 12 gains. Inci-
dentally, this calculation ignores the number of gains one would use to implement

the Kalman filter.

: 1S
ORIGINAL PAGE
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CENTRALMASS | 6 SENSORS | cLass 1 CENTRAL MASS
SENSORS CONTROLLER _’J ACTUATORS

ONLY
B S

ANTENNA MOTlON\ 8 SENSORS
SENSORS AND ol CLASS 2
LOS SENSORS ONLY J | CONTROLLER

ALL AVAILABLE |\ '4 SENSORS CLASS 3 | ANTENNA &
SENSORS CONTROLLER iyl

Structure of Class 1, 2, and 3 controllers. (From ref. 1.)
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Class 3 design. (From ref. 1.)
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The next four figures illustrate the design procedure. An iterative algorithm
is used to determine the gains which minimized the cost. For this problem the cost
was the expected value of the line of sight errors and the defocus error. The
reduced state algorithm allows sensor and actuator dynamics to be included, and
allows the noises to be accounted for in a very direct and straightforward way.

The compensation (if any) for such problema as unstably interacting modes (these
require notch filters to introduce the 180° phase shift) is simply designed
along with the control system.
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TRANSFORMATIONS

TO MODAL COORDINATES TRANSFORMATIONS
TO MEASUREMENT COORDINATES

N, DISTURBANCES MODE 1
N, ACTUATORS
¢ 01 1
h -7 \h
DISTURBANCE s+ 2" u‘| + wy
MODEL
w H, (s} e d
r d ¥
®
@
g ®
. > 0 MODE k
L {
2™ conTROLLER gs:img;"fm
DYNAMICS ‘
$
. 1‘(5) c v 2 e m ] (!
ugls) K (3) et ok T st Wy i W () Y
| @
H
o
: N,, MEASURING DEVICES
c r
ek " b\(x) OK(x) dx
o §2
,:‘V; - Cj(l) Ok(x)dx
Ja bix) IS THE CONTROL INFLUENCE
g . cx)  AND eix) THE MEASUREMENT INFLUENCES
¥k Ja 3,{x) @ lx) o @, (x) IS THE " MODE SHAPE

Structural dynamics control problem. (From ref. 1.)
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NOTE THE CONTROL GAINS SHOWN ARE SELECTED TO PROVIDE THE LOWEST COST J FOR
THE CONFIGURATION SHOWN. ONLY THE GAINS SHOWN ARE DERIVED BY THE
ALGORITHM GIVING BOTH THE FEEDBACK CONTROL AND THE COMPENSATOR.

Reduced state feedback control design.

T

J = 6“ (YTny + u'Ru)dt = xP X
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where

system
actuator
measurement
disturbance
compensator

OOoOXTPWn
d B W 0

> O O O O

System input: ug = Kly" + szc

Compensator input: u * KJyM + K‘xc

Kl' KZ' KJ. K‘ minimize xon

Reduced state (output) feedback.

0 0
0 0
0 ju¢

0 CD
lc 0

determine compensator zeros
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(From ref. 1,)

w " CMx" is the measurement

\— determines compensator poles

T

0

(From ref. 1.)
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OPTIMAL CONTROL
PROBLEM

INITIAL VALUE OF GAIND

TRUNCATE D
TO ORDER OF
THE DESIRED
FEEDBACKS

- -1
Oxey " Oy - H (D)) G(DK)

HESSIAN “MATRIX" (H) '%% m

GRADIENT MATRIX (G) = %36

PERFORM SEQUENCE OF ONE
DIMENSIONAL STEPS TO
PRODUCE DESIRED MULTI-
DIMENSIONAL MINIMUM

3

CHECK AT EACH STEP THAT
CHANGE IN GAIN MATRIX
ELEMENTS PRODUCE STABLE
& CONVERGED SOLUTION

CONVERGENCE

Constrained optimal control.

(From ref. 1.)
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As was alluded to before, the reduced state design performance was 35x10-3
degrees compared to 6x10-3 degrees for the full state design (with no filter).
Thus if the filter errors were included, the performances of the two designs were
comparable. The robustness of the designs as determined from loop gain and phase
margins was also comparable to that of the full state designs.

CRIGINAL PAGE Ig
OF POOR QuAaLITY

SENSORS AT ANTENNA
ANTENNA TO
FEED
ROLL (X) PITCH {Y) YAW(Z) DISTANCE
ACTUATORS POS | RATE | POS | RATE | POS , RATE | Pos | RaTE
-l
RIGID BODY x | aes 2€7
ROTATION  RFACTION WHEELS { Y 6E0 267
ACTUATORS 2 AES | 268
ANTENNA x | 3ea SE4
2D0F GIMBAL
ATUATORS % 7€8 4E6
MAST/BEAM WORM SCREW 6E2 | 4E6
FULL STATE LOS RMS ERROR 8 x 107 DEG.
REDUCED STATE LOS RMS ERROR 35 x 103 DEG.

Gains for the reduced scate design.

(From ref. 1.)
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THE LARGE SPACE STRUCTURES PROBLEM

The proposed use of large space structures (LSS) poses some very challenging
problems in the identification and control of high order dynamical systems. In
addition some of these systems have requirements for very accurate pointing and
shape control. These systems are infinite dimensional distributed parameter
systems that are very lightly damped. It is not feasible to determine the LSS
dynamics by earthbound testing so that the identification and control must take
place largely in orbit in an adaptive manner after construction. To some degree,
there may be requirements to identify the system dynamics and structural
characteristics while under closed-loop control in orbit, This may severely
regstrict the type and amplitude of input signals which are allowable for enhancing
identification of the system.

THE LARGE SPACE STRUCTURE PROBLEM

* STRINGENT REQUIREMENTS FOR SHAPE, ORIENTATION
POINTING AND VIBRATION REDUCTION

e VERY LIGHTLY DAMPED—MANY SHARP RESONANCES
* DISTRIBUTED PARAMETER SYSTEM—INFINITE STATE ORDER

* LIMITED EARTHBOUND TESTING—MANY CHARACTERISTICS
MUST BE DETERMINED IN ORBIT

* LIMITED PERTURBATION ALLOWED FOR SYSTEM IDENTIFICATION

ORIGINAL PAGE IS
OF POOR QUALITY
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OBJECTIVE OF SYSTEM IDENTIFICATION

The objective of system identification varies considerably for the different
schemes. In physical model identification, particular parameters of the structure
describing mass, stiffness, and damping are considered the important quantities to
determine. In empirical model identification, an input-output system description
is obtained relating the control and other inputs to measured semsor outputs. Such
an approach does not explicitly estimate structural parameters, but may offer
advantages in obtaining a reduced-order model which accurately describes the
important structural behavior. 1In control model identification or adaptive
control, a plant (LSS) 1s to be identified while under closed-loop control. This
may be the more important problem in some LSS systems, Identification while under
control could also involve the use of cither physical or empirical models as well
as full- or reduced-order methods.,

ORIGINAL paGe IS
OF POOR QUALITY

e DESCRIBING PHYSICAL CHARACTERISTICS AND PARAMETERS

—STRUCTURAL PARAMETERS OF: STIFFNESS, DAMPING,
MASS DISTRIBUTION

e EMPIRICAL DYNAMICS MODELING
—TRANSFER FUNCTION, STATE SPACE, SPECTRAL
ANALYSIS, REDUCED ORDER

o CONTROL MODEL IDENTIFICATION AND ADAPTIVE CONTROL
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STEPS IN SYSTEM IDENTIFICATION OF POOR QuAL!T,

The complete system identification process cunsists of an iterative use of the
four steps: 1) experimental design, 2) model structure determination, 3) parameter

estimation, and 4) model validation. The purpose of experimental design is to
select inputs and outputs, sensors, actuators and other variables in such a way
that the remaining three steps of identification can be performed successfully.
During model structure determination, a mathematical functionzl form for the model
is selected with unknown parameters from a set of such functional forms. In
estimation of these parameters in step 3), the use of a priori information about
the parameters may be involved. In model validation, the valiaity of the model in
describing various different sets of data is considered. The result of model
validation is either a final validated model or a return to one of the other steps
in the system identification process.

DESIGN OF
KMo ORL EXPERIMENT
MODEL STRUCTURE
|| "oETERMINATION

'
A PRIORI

PARAMETER PARAMETER
ESTIMATES | ®  ESTIMATION

'

DIFFERENT I MODEL NO
SETS OF | ] VALIDATION
DATA
YES I
FINAL
MODEL
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In the problem formulation step, the LSS is generally described by a system of
partial differential equations (PDE) in space x and time t together with an
appropriate set of boundary conditions, where u(x,t) 1s a vector of instantaneous
displacements of the structure from equilibrium including both translatiomal and
rotational displacements, F(x,t) are the applied forces and torques, Au 1is the

restoring force, Du_ is the damping term, and m(x) is the mass density. Observations
y(t) are considered to be linear combinations of translation and rotation
displacements and their rates.

While there has been some work on identification of systems of PDE’s (Goodson
and Polis (1974)), the methods for identification of systems of ordinary
differential equations (ODE) are more developed and better understood. Among the
methods of spatial discretization of PDE, the finite element method is one %f the
more popular and produces a system of ODE’s. Defining the state X! = (u » U ) and
inverting the mass matrix, this system can be written in the standard state-space
form.

e DISTRIBUTED PARAMETER SYSTEM
m(X)ux(s,t) + Duys,t) + Au(s,t) = F(s,t)
y(t) = Cu(s,t) + Eux(s,t)

e SPATIAL DISCRETIZATION AND REARRANGEMENT GIVES
STATE SPACE FORM
x(t) = Ax(t) + Bf(t) + w(t)
y(t) = Cx(t) + v(t)

o APPROXIMATION ERRORS—FINITE ORDER, LUMPED SYSTEM
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EXPERIMENTAL DESIGN OF POOR OtA!ITY

The system considered for experimental design consists of a dynamic system
(plant) with unknown parameters and states excited by an ohserved input and
unobserved disturbance. The sampler and measurement system involves measurement
noise, From knowledge of the input and output measurements, the estimator
determines a state estimate, the identifier estimates unknown parameters, and the
controller determines a signal, using the measurements, to feed back to the input.

The basic experimental design problem addresses the questions 1) what
measurements to make, 2) when to make them, and 3) what input to use in the
experiment., Experimental design thus involves selection of initial conditions,
input signals, sensors, their location, sampling rates, and other aspects of LSS
test design to enhance the identifiability of unknown parameters, Systematic
procedures exist for solving these problems (Mehra (1974, 1976, 1981)). For LSS
identification, the use of inputs in addition to control inputs may be required to
assure identifiability of the unknown parameters. Such additional inputs to excite
various structural modes sufficiently for identification may lead to motions
unacceptable in terms of control requirements. It may be necessary to select
inputs in such a way that modes over a limited frequency band are excited.

DISTURBANCE MEASUREMENT NOISE
DYNAMIC SYSTEM MEASUREMENT
Mo SRz
INPUT .| 'AND STATES MEASUREMENT,
|

CONTROLLER 3
L —— 3 ESTIMATOR K-——-————-———
IDENTIFIER

DESIGN PROBLEMS:
1. WHAT TO MEASURE
2. WHEN TO MAKE MEASUREMENTS
3. WHAT INPUT TO USE (DUAL CONTROL)
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OF POOR QUALITY
MODEL ORDER AND STRUCTURE DETERMINATION

Suppose a parametric model form is chosen which could invelve a physical
structural model or a mathematical form such as an autoregressive or polynomial
form. A particular model structure corresponds to specifying which parameters are
considered fixed and known and which are unknown (to be estimated). The alternative
model structures are fitted to the observed dataj; i.e., the unknown parameters are
estimated. A variety of methods are available for comparing a set of alternative
model structures. Some of these are (a) information criteria (Larimore (1982,
1983a), Akaike (1974a), Rissanen (1976)); (b) rank tests (Tse and Weinert (1975),
Van Den Boom and Van Den Enden (1974), Wellstead (1976)); (c) goodness of fit tests
(Parzen (1974)); and (d) generalized likelihood ratio tests (Larimore (1977)).
These methods can be used to supplement physically based methods of model structure
determination.

¢ CHOOSE PARAMETRIC MODEL FORM
— E.G., POLYNOMIALS, PHYSICAL STRUCTURE,
AUTOREGRESSIVE

e CHOOSE PARTICULAR ALTERNATIVE MODEL STRUC I URES
AND ORDERS TO BE COMPARED — I|.E., WHICH PARAMETERS
ARE SPECIFIED OR UNKNOWN

* FIT THESE PARTICULAR MODELS (ESTIMATE PARAMETERS)

» COMPARE ALTERNATIVE MODEL FITS
— GOODNESS OF FIT (CHI-SQUARED, ETC.)
— GENERALIZED LIKELIHOOD RATIO TESTS
— INFORMATION OR ENTROPY MEASURES (AKAIKE’S AIC)

(1974(a))
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The field of parameter estimation is very vast in scope, but has been summa-
rized quite well in geveral survey papers, volumes and books (e.g. Eykhoff (1974),
Katlath (1974), Mehra and Lainiotis (1976), Young (1979)). A very broad classifi-
cation of parameter estimation methods may be done as follows: (1) equation error
methods (including linear least squares, instrumental variable, etc), (2) oucput
error methods (including nonlinear least squares, quasi-linearization, extended
Kalman filter, etc.), and (3) prediction error methods (including maximum likelihood,
Bayesian and maximum entropy).

PARAMETER ESTIMATION METHODS

The above ordering represents increasing complexity, generality and accuracy
(or estimation efficiency). Output error and prediction error methods require
nonlinear searches and therefore need good starting values. Equation error methods,
though less accurate, can provide good starting estimates if they are used properly.
Another major advantage of equation error methods is that they can be made recursive
with respect to both model order and sample size. The order-recursive property is
useful for on-line identification and adaptive control. Equation error methods
have another interesting property for multiinput-multioutput systems: parameter
estimation can be done one equation at a time. In aircraft parameter identification
(Mehra and Tyler (1973)), a combiration of the equation error method to obtain
starting values and the maximum likelihood method to refine the parameter estimates
was found to have the best performance in terms of convergence and accuracy.

o LEAST SQUARES, EQUATION ERROR, OR REGRESSION
* INSTRUMENTAL VARIABLES

e OUTPUT ERROR

o EXTENDED KALMAN FILTER (PARAMETERS AS STATES)
¢ MAXIMUM LIKELIHOOD
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PARAMETER ESTIMATION DIFFICULTIES OF POOR QUALITY

The parameters of a model are identifiable if a change in any of the
parameters results in a change in the distribution of the measurement random
variables. The selected parameter set should be identifiable and related essily to
physically meaningful coefficients. 1In the case of poor identifiability, some
parameters or functions of the parameters have very little effect upon the expected
observations and may need to be constrained to some flxed nominal value in order to
estimate the other parameters. In many realistic parameter estimation problems,
there is a very nonlinear dependence of the output observations on the parameters.
To find the optimum set of parameters requires a sophisticated and robust
optimization procedure such as the quadratic hill-climbing (also called
Levenberg-Marquardt) method. The presence of both measurement noise and input
process noise considerably complicates the methods and effort required for good
parameter identification, and usually necessitates the use of a Kalman filter or
equivalent approach to compute a white innovation sequence for which a likelihood
function is easily evaluated. On-line procedures are especially attractive in
adaptive control schemes, but some of theese such as the extended Kalman filter with
some states as parameter estimates may diverge in some situations. An algorithm
with guaranteed convergence properties is much to be preferred.

* POOR IDENTIFIABILITY—LARGE CHANGES IN PARAMETERS
HAVE VERY SMALL EFFECT ON EXPECTED OBSERVATIONS
— NEED TO FIX SOME OF PARAMETERS

* NONLINEAR DEPENDENCE OF OUTPUT ON PARAMETERS
— USE ROBUST QUADRATIC HILL-CLIMBING OPTIMIZATION

e SENSOR AND INPUT (PROCESS) NOISE |
— REQUIRES KALMAN FILTER OR SIMILAR APPROACH

* DIVERGENCE OF SOME ON-LINE PROCEDURES
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MODEL VALIDATION

The objective of model validation is to determine if the identified model
predicts the observed response, not only for the data used for identification but
also for other available data sets. There are a number of procedures for
evaluating the validity of an identified model on a given data set. Residual
analysis involves the analysis of residuals or innovations to determine if they are
indeed white noise or have significant correlation properties indicating the
pregsence of unmodeled structure in the process. The adequacy of a model can be
evaluated by comparing it with the response predicted by more general or higher
order models. Such a comparison can be made on a sound theoretical basis using the
AIC procedure (Akaike (1974a)) which has a likelihood interpretation (Larimore
(1982, 1983a)). Data splitting and cross-validation methods involve using part of
one set of data in fitting the model and the rest of that data set in evaluating
t.he adequacy of the prediction., And of course the model may also be required to
satisfy certain reasonability requirements for particular problems such as
stability, stationarity, positive definiteness, causality, etc.

e DOES THE IDENTIFIED MODEL PREDICT THE
OBSERVED RESPONSE

e RESIDUAL ANALYSIS (CORRELATION & WHITENESS TESTS)
e COMPARE RESPONSES PREDICTED BY VARIOUS MODELS
¢ COMPARE LIKELIHOOD OF VARIOUS MODELS (AIC)

* DATA SPLITTING AND CROSS-VALIDATION METHODS

o REASONABILITY TESTS

ORIGINAL PAGE 1S
OF POOR QUALITY
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Of POOR QUALITY
REDUCED ORDER MODELING AND IDENTIFICATION

The Akalke stochastic realization (Akaike (1974b), (1976)) method identifies a
multioutput system in a canonical form using the method of canonical correlations
and variates. It has been used successfully by Mehra (1978) for multiple time
series modeling and forecasting. The method has been extended to include measured
inputs in the presence of noise (Larimore (1983b))., One obtains in this fashion a
transfer function model. The parameters are asymptotically efficient and order
determination 1s done automatically using an approximate AIC procedure The use of
a singular value decomposition is a major computational advantage of .his method
over other methods so that no iterative nonlinear optimization problem needs to be
solved. All order state space models up to a given order are determined
simultaneously from one singular value decomposition. Furthermore, since a state
vector model is identified, it can be related to a physical model and used to
provide an alternative set of estimates for the physical parameters.

e THE CANONICAL VARIATE METHOD (AKAIKE (1974b, 1976))

e DECOMPOSE CORRELATION STRUCTURE OF RECENT
PAST AND NEAR FUTURE

¢ OPTIMAL CHOICE OF REDUCED ORDER STATE
SPACE STRUCTURE

o COMPUTATION VIA SINGULAR VALUE DECOMPOSITION
— NUMERICALLY #.CCURATE, STABLE, EFFICIENT

o DETERMINES OPTIMAL MODELS FOR ALL ORDERS AT ONCE
o APPROXIMATE AIC FOR CHOOSING OPTIMAL ORDER
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CLOSED-LOOP IDENTIFICATION OF POOR QuALITY

Identification of a plant while under closed-loop control has some special
problems that were not fully appreciated until recently (Caines and Chan (1976),
Ljung et al. (1974), Phadke and Wu {1974)). Much of the difficulty stems from the
correlation between past outputs and future inputs of the plant. Many
identification procedures explicitly or implicitly assume that there is
independence between past outputs and fulure inputs. The application of these
procedures has been shown to lead to biased and inefficient parameter estimates and
in some cases loss of parameter identifiability, More sophisticated procedures
allow for correlation betwcen past outputs and future inputs such as the maximum
likelihood and canonical variate analysis procedures. Some methods do not
explicitly constrain the identified plant model to be causal which can lead to
unreasonable results. If a closed-loop identification procedure is used on-line

while the system is under control, additional gain margin or other precautions may
be required to insure control system stability.

» CORRELATION BETWEEN PAST OUTPUTS
AND FUTURE INPUTS

e MOST SYSTEM IDENTIFICATION PROCEDURES DO NOT ALLOW
FOR THIS AND GIVE BIASED ESTIMATES

o CANONICAL. VARIATE ANALYSIS WILL ALLOW FOR SUCH
CORRELATION

* [T IS IMPORTANT TO MAINTAIN STABLE CONTROL WHILE
IDENTIFYING THE PARAMETERS
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ISSUES IN LSS SysTew mpENTIFICATION  OF FOOR QUALITY

The LSS control snd identification problem has & number of crucial, practical
difficulties which are not present in most other systems. The systea 1is
fundamentally a distributed system, and finite o.der state-space models are only an
approximation. A very high state order may be required to model all of the aspects
of interest from the structural, input-output, and control system points of view.
In terms of a primary contrcl objective, empirical reduced~order modeling which
includes the states of dominant influence on control is a promising approach to the
problem. Recent advances in reduced-order modeling with flexible weighting
criteria involve the use of numerically stable and efficient computational methods.
Other issues which must be aduressed include maintaining control system stability
while adapting parameters in on-line adaptive control schemes. In some situations,
such as calibration after initial deployment, additional input signals for model
identification may be required, and these may have to be designed to excite
specific models of the system so that the number of parametecs during a single
identification experiment can be kept small.

e PHYSICAL STATE SPACE MODELS ARE ONLY APPROXIMATE
¢ HIGH SYSTEM STATE ORDER

e LARGE NUMBER OF PARAMETERS

o REDUCED-ORDER MODELING PROBABLY NECESSARY

* PRIMARY OBJECTIVE OF IDENTIFICATION IS CONTROL

¢ EMPIRICAL REDUCED ORDER IDENTIFICATION ATTRACTIVE

e MUST MAINTAIN CONTROL SYSTEM STABILITY WHILE
ADAPTING PARAMETERS

* INPUT SIGNALS FOR MODEL IDENTIFICATION MAY BE
SEVERELY RESTRAINED
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INTRODUCTION OF POOR Q

This presentation is a summary of the investigations undertaken at
Lockheed Missiles & Space Co. for the past few years in the area of
large space structure (LSS) control. Both analytical and experimental
results are presented. Control strategies were developed and their
validity was tested on somewhat realistic models of large spacecraft,
principally on the computer model developed by Charles Stark Draper
Laboratory, the so-called CSDL #2 model. The research was also di-
rected toward experimental validations. These are very unique and

constitute an essential step in the LSS control technolcgical develop-
ments.

Participating in this research were Integrated Systems, Inc., for
analytical developments and Synergistic Technology, Inc., for hardware
and control software implementations.
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TECHNOLOGY DEVELOPMENTS OVERVIEW

Two distinct problems were addressed in this research. The first
concerns the active injection of damping in the structure, the
so-called "modal damping" approaca. The Low Authority Cortrol (LAC)
technique, which is based on collocated actuators and sensors with low
gain rate feedback loops, was used for broadband but moderate damping.
fhe High Authority Control (HAC), which is based on linear quadratic
Gaussian (LQG) techniques with a generally non-collocated system of
actuators and sensors, was used to obtain large amounts of damping in
specific vibration modes.

The second problem concerns the rejection of on-board disturbances
with given power spectrum density (PSD). Optimal control is the tech-
nique used to achieve high performance in this case; the control
laws are minimizing a performance metric and usually affect the mode
shapes mo*e than the poles themselves.

DAMPING AUGMENTATION
PERFORMANCE LIMITATIONS
BROADBAND 153 OF CRITICAL SENSOR/ACTUATOR TYPES, LOCATIONS
SPECIFIC MODES 508 OF CRITICAL MODEL (IDENTIFICATION) SENSITIVITY

DISTURBANCE REJECTION ON PERFORMANCE METRIC

PERFORMANCE LIMITATIONS
NARROWBAND 3 TO & ORDERS OF SYSTEM ID OF MODEL AT DISTURBANCE
MAGNITUDE FREQUENCY
BROADBAND 2 ORDERS OF MAGNI- SENSOR NOISE, PERFORMANCE MEASURE-
TUDE MENT
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HIGH- AND LOW-AUTHORITY CONTROL INTEGRATION

The simultaneous use of HAC and LAC in the control design is
explained by this chart. The necessarily finite bandwidth of the HAC
controller provokes the phenomenon called "spillover"; i.e., a
destabilization of the vibration modes situated in the roll-off region.
This is generally not exactly predictable because modal frequencies
and shapes are poorly known in this region. This unstability can, how-
ever, be compensated for by the use of a superimposed LAC system, which
is very insensitive to model errors and can provide the necessary
broadband damping. So, in this integrated system, HAC is used to
achieve performance, LAC to achieve stability.

HAC HAC EFFECTS
BANDWIDTH HIGH AUTHORITY
HAC

IMPROVED
DAMPING
RATIO OR
PERFORMANCE

SPILLOVER REGION LARGE DAMPING RATIO CHANGES

EICENVECTOR CHANGES

F NCY —& :
UNSTABLE REQUENC LQG SYNTHESIS WITH FREQUENCY SHAPING

ENHANCED CONVENTIONAL LQGC ROBUSTNESS

LACEFFECTS

LAC BANDWIDTH

AUGMENTED

DAMPING | —emma=z=es gt " nn LOW AUTHORITY
LAC FREQUENCY—®
@ BROADBAND DAMPING AUGMENTATION
@ ROBUST AGAINST MODELING ERROR
INTEGRATED HAC/LAC @ S!MPLIFIED SYNTHESIS (LEAST SQUARES,
JACOBI'S PERTURBATION)

IMPROVED

DAMPING

RATIO OR SPILLOVER REGION

PERFORMANCE
UNSTABLE ¥ FREQUENCY —o

668




iﬁ‘ﬂﬂ“v@u - ~ e R T e R T RS ol .

ORIGINAL PAGE IS
OF POOR QUALITY

ANALYTICAL STUDIES TEST MODEL (CSDL #2)

The main model for analytical studies and computer simulations
has been the CSDL #2 finite element model of an optical space system.
This structure contains three mirrors and a focal plane and is excited
by two disturbances, one on top and one on the bottom, as shown in the
picture. The problem was to reduce the line-of-sight (LOS) error
using active control. To evaluate the robustness of the controller,
two perturbed models were created by Draper Laboratory (P2 and P4),
where stiffness and mass of some elements had been modified. A
typical example of the resulting spectrum for the original (solid line)
and the perturbed models (dotted lines) is shown in the picture.

CHARACTERISTICS
e HEIGHT - 28 m, WEIGHT 9,300 kg
e 306 DOF
® 137 STIFFNESS ELEMENTS
e 51 NODES

e 84 NONZERO MASS ELEMENTS

CONTROL IMPLEMENTATION
e 3 RIGID-BODY MODES

e 41 FLEXIBLE MODES

DYNAMICS

1.0Sx £RRORS

10

I _RPD IS
- .

iC

CSDL MODEL NO. 2

| JUOE

10

STERDT STATL mAgaI
ic

15°

—— F T e T YT YRR St v Y vy ey - R
‘

10
TREGUENCY 1N W2
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SINE DISTURBANCE REJECTION - CSDL #2

The case of sinusoidal disturbances was looked at first. The
top bar chart shows a comparison between the open-loop LOS error on the
left and the closed-loop LOS error on the right. Several orders of mag-
nitude reduction was shown to be achievable ?at least on the computer).
This result was obtained by combining LQG techniques with a frequency
shaping method, which increases the penalty function at the disturbance
frequency. The middle value resulted from the blind application
of 30% of critical damping in all modes. It shows that 1in this case,
damping was not the solution, and tended to facilitate the transmission
of energy between the disturbance sources and the line of sight.

The bottom chart shows the control effort of the 21 actuators
that were used in this example. Very little control effort was needed.
Again this is because this control system acts more by modifying the

eigenvectors of the system than by trying to freeze the whole
structure.

INPUT DISTI!RBANCE
w o TOP - 10N AT 10 Hz

nrod

e BOTTOM - 20 N AT S Ha

STEADY STATE
LOS ERROR

CONTROL IMPLEMENTATION
e FREQUENCY SHAPED HAC
® LAC STABILITY AUGMENTATION

® 12-MODE CONTROL DESIGN MODEL

w11 MOUY RITH ) WiITH ® W-MODE EVALUATION MODEL
COMYAOL '(ova_uvn AC'I'V."“
:;Z‘.:.?c on <" e SENSOR NOISE NOT INCLUDED
wooes
LOS PERFORMANCE PERFORMANCE
e 10° REDUCTION IN LOS ERROR
I ® ROBUST OVER P, P,, P,
1] =
FORCE
{NEWTONS} = 1
—
t U_‘
B ) [T
ACTUATORS M:I‘;ﬂl
CONTROL EFFORT
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DISTURBANCE REJECTION PSD QUALITY

A more complete problem was addressed by using a PSD model
(defined by Riverside Research) containing continuous wide-band
as well as discrete distributions. In this case, the sinusoidal
excitations were still very easily eliminated. The 20-Hz distur-
bance was in the unmodelled frequency range and system identification
would have been required to properly design the controller. Once
this assumption is made (i.e. the system's transfer function at
20 Hz is known) this disturbance can be eliminated along with the
others using the same frequency shaping techniques.

The wide-band PSD was the most difficult to reduce. However, two
orders of magnitude reduction was achieved, as shown in the figure.

e N e Ndiva 1500 N3 /s

]

FORCE PSD

Wi weNm

7

o WIDEBAND DISTURBANCE RESULTS
1§ e HL T
e DOMINATES THE CONTROL PROBLEM 5 tn e N\ i
FREQUENCY (N2)
e ACHIEVES 2 ORDER-OF MAGNITUDE REDUCTION
e REQUIRES RSS CONTROL EFFORT COMMENSURATE WITH D:STURBANCE
& ACHIEVES HIGHER PERFORMANCE THROUGH ONLINE SYSTEM 10

e RIGID-BODY MODE STABILITY 1S SENSITIVE YO LOW FREQUENCY
MODELING ERROR

¢ SINUSOIDAL DISTURBANCE RESULTS
® IN-BAND DISTURBANCE EFFECTS ELIMINATED
e REJECTION IS ENSURED IF CLOSED LOOP SYSTEM IS STABLE
e RELATIVELY LOW R3S CONTROL EFFORT

e OUT OF BAND DISTURBANCES REQUIRE SYSTEM ID AT DISTURBANCE
FREQUENCIES
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LSS CONTROL - ANALYTICAL RESULTS

The HAC/LAC control laws, designed on a reduced 12-mode model,
were tested with success on the full 41 mode evaluation model and the
two perturbation models. The nominal performance results are depicted
in this chart. The bottom bar graph shows the contribution to the
total cost of each separate mode 1in open and closed-loop cases. In
the closed-loop case, the cost of the modes being controlled becomes
on the same order as the cost of the urmodelled modes, which is, of
course, the limiting, nonreducible factor.

0 .N-100P HAC /1 AC RIDUCTION FACIOR
RMS LOS x 114110 3273.0 34.87
(nrad)
RMS LOS y 425290 4636.2 M.75
(nrad)
TOTAL RSS 4u0u30 /5.1 77.01
t0s (nrad)
RSS CONTROL | HFORY 0 63.40
(N} “
PERFORMANCE RESULTS
: ! T8 Y IS VT RETAIID MODES (')
. 1470 N e Y :
weeny +
8 oone. . . .....................
L 150000 i
| J— P ST SRR e
(™ "% 4
. e
o e ). ' i i - b 9 4 1l
, Ve, ' c i ¢ ) . . R
5 1 S
e : : : : ; i 43J
* TN e .

COMPONENT COST
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EXPERIMENTAL DEVELOPMENTS OVERVIEW

This chart summarizes the main achievement of the experimental
program. This is basically the laboratory validation of the control
technology on test structures exhibiting the most critical prop-
erties expected from LSS (main)y low damping, close frequencies,
and a requirement for distributed systems of actuators and sensors).
The significant result is that it is indeed feasible to design ar:

implement on 3-D structures optimal controllers with predictable
and reasonable performance.

OBTAINED FIRST STABLE CLOSED-LOOP CONTROL
OF FULL 3-D EXPERIMENTIAL STRUCTURE

USED REAL SPACE INSTRUMENTATION
FOR SENSING AND ACTUATION

DESIGNED CONTROL SYSTEM USING SYSTEMATIC,
MODERN CONTROL APPROACH

DEMONSTRATED CONTROL OF MULTIINPUT

MULTIOUTPUT SYSTEM WITH
NEARLY REPEATED MODAL FREQUENCIES
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EARLY EXPERIMENTAL DEMONSTRATIONS

Historically, the experimental program started in 1978 with some
simple demonstrations of control concepts. Proof mass actuators and
control moment gyros wer2 used in separate experiments to show the
real possibilities of actively damping beam vibrations. Collocated
rate feedback mechanizations were used very successfully in these
early tests, with simplc but efficient optical sensing using laser

beams, mirrors and linear detectors.

The vibration was damped either

by a reaction force (proof mass actuators) or a gyroscopic torque
CMGs) opposing the rate of change of the corresponding variable
i.e. tip displacement and tip rotation respectively).

CANTILEVERED BEAM

100°LONC)

"FOLDED OPTICS®
FOR SHOAT BEAM

- ..
PROOF MASS MOTION

SLINC SHAKER LMY

¢ RATE FEEDBACK
DAMPING TORQUE

IATTACHRD
10 CmCse)

674

[« ]
CMsBAL ANIS
NMOTOR DARIVES s

cimea, axis “

V-Ca .
1CYRODAM R 2%}

(HELIUM - HEON)
LASER SOURCE

ACTUAL
APPEARANCE

OF CACH CMC UMY
(8ENBIX)

~ CHBAL TORQUE MOTOR

“‘IU.\H-UIONI

MINIBEAM LAC DEMONSTRATION

80-in. BEAM, LASER OPTICS
PROTOTYPE PROOF MASS TESTED

LAC CONCEPT ~ 2-MODE DEMONSTRATION
50 PERCENT DAMPING PRODUCED ~ MODE 1
20 PERCENT DAMPING PRODUCED - MODE 2

MAXIBEAM LAC DEMONSTRATION

800-1b 25-ft BEAM, 1-Hz LASER OPTICS
CMC BEAM END ROTATION CONTROL
> 20 PERCENT DAMPING ~ MODES 1 AND 7?7
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TOYSAT EXPERIMENT SETUP OF POOR QuaLITY

First of the digital control experiments, the "Toysat" setup consists
of a 12-ft flexible beam fastaned to the side of ¢ 1.3-ft square block
of aluminum, To accentuate bending, a 2-1b. weight is attached to
each end of the beam. The beam is suspended from the ceiling in sucn
a way as to allow free motion in the horizontal plane.

Control of the motion of the specimen is provided by two linear actu-
ators. When the actuators act together, translational motion results,
and when equal but opposite commands are given, pure rotational motion
results. Sensing is provided by accelerometers mounted at the ends of

the flexible beam anrd by linear position sensors mounted in tandem with
the linear actuators.

MEASUREMENT
] LOOP

i

CABLE SUSPENSION
ACCELIROMETER

" M CNIGLTIS i

e acctssaren o nh

SOLI0 - /“m 4 - T W -
~ELECTRODYNAMC : ' <
ACTUATORS ¥ '
AccrLmoMTn 5‘ $
- < * ]
LF | . H
: ,-""’ a
i S A t 1 b W
‘ " . il »
Tug » ALYl
EXPERIMENT RESULTS

HAC DEMONSTRATED — FOR TRANSLATION AND ROTATION, RIGID-BODY
AND 2 FLEXIBLE MODES

® NONCOLLOCATED ACTUATORS AND SENSORS
® DIGCITAL MECHANIZATION WITH CSPI MAP-200 ARRAY PROCESSOR
® ELECTROSESIS ACTUATORS TIED TO LABORATORY FRAME
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OF POOR
TOYSAT SLEWING EX¥PERIMENT QUALITY

The Toysat was originally designed as an experiment to test
optimal slewing techniques. These were closed-loop slewing strategies
which left an arbitrary number of bending modes quiescent at the end
of the slewing maneuver. Upon the successful conclusion of these
experiments, the Toysat was used to demonstrate a twelve-state HAC
controller, with which two rigid-body and four bending modes were
subdued using the central actuators.
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ORIGINAL PAGE g
NEW CONTROL HARDWARE  OF POOR QuALITY

In order to meet the special requirements arising from this new
field of LSS control, special hardware needed to be developed. Precise
sensing of very small yibration amplitudes (submicron) such as are needed
for optical systems, with the capability for simultaneous multichannel
and wide bandwidth, was achieved with the development of the "microphase"
sensor. This sensor measures the phase changes between outgoing and in-
coming laser beams (reflected by corner cube mirrors on the structure).
Inertially reacted actuators for space application, capable of applying
vibratory forces to the structure with precision and bandwidth, were
developed in the form of the pivoted proof mass (PPM) actuator. An in-

ternal velocity servo-loop makes this actuator very linear in frequency
and amplitude.

MICROPHASE MULTICHANNEL SENSING

N 4

e 10-CHANNEL "STARRING" SYSTEM

5 - e 0.08 um RESOLUTION

i e 20 kHz BANDWIDTH

g e o e DIGITAL 12-BIT OUTPUT
mm#‘"wmm-. 8

BRAGG CELL MODULATION TECHNIQUE
MICROPHASE OPTICS PACKAGE

PIVOTED PROOF-MASS ACTUATOR

VES!! A\
COMMANDED

ELOCITY LOOP ORI

VILOCITY LOOP CLOBRD

' wd © VELOCITY-CONTROLLED
iauncy PROOF -MASS

N
y RESPONSE ELECTRODYNAMIC MOTOR
e RUGGED, FLEXURE SUSPENSION
/ ' o e INERTIALLY REACTED
e T e SIMPLE TO MODEL
TR Iy ﬂ&-mwaﬁﬁ;w ;T o
) b e SCALING LAWS DEVELOPED
PPM ACTUATOR

e IMPLEMENTABLE FOR FLIGHT
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SLIM BEAM TEST

This experiment was directly aimed at verifying the LAC theory
and was the first to use the PPM actuators. This vertically sus-
pended slim beam was controlled in two axes by two PPMs situated at
its free end. Sensing was purely optical, measuring the angular
difference between the two ends. Thus the controller was not purely
collocated nor consistent, and consequently it violated the uncondi-
tional stability characteristic of LAC systems. Nevertheless, a
careful finite element model was constructed, and measured results
were in excellent agreement with the predicted values, including
the stability 1imits due to the noncollocation/nonconsistency
effects.

" MODE 8 MODE 7 ‘MODE 9

3 10§DAMPING

N [RATIO (W) X
SUSPENSION o - - PREDICTED
POUNT 1M LA N X MEASURED
CYLINDER VEIGHT -

waLL s
PROOF -MASS N X
2-AXIS E x

ACTUATOP
(EXCITER)

PHOTODETECTOR

THIN-WALL
STAINLESS STEEL TuBL

X

{:,g"““s 10 an M 0RA0FOECECOREDBCADOCOLECECKEET
X 5.3 COMBINATIONS-RATE FEEDBACK GAINS
RESULTS
FLAT
MiRROR e VERIFICATION OF LAC THEORY

2-D CROSS-COUPLING EFFECTS CHARACTERIZED

PROOF -MASS E gg’
ACTUATORS _/_" S ACCELEROMIERS
TING PLAT
® NONCOLLOCATION/NONCONSISTENCY IMPLEMENTATION

SLIM BEAM TEST DEMONSTRATED
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PLATE EXPERIMENT OVERALL CONFIGURATION

The next step of the experimental program was to start con-
trolling more complex structures presenting as much similarity to
LSS as possible, and implementing high order digital control systems.
The chart below describes the genera! experimental set-up used for
the circular plate experiment. The digital controller is implemented
in an array processor (AP). The host computer is used principally to
acquire and process data for open- and closed-loop characterizations.
Its secondary function is to load the gain matrices in the AP and
start or stop the control algorithm. Control gains are generated
before the experiment by large scale control synthesis programs
such as OPTSYS, residing in the UNIVAC 11-10 computer.

CONTROL GCAINS

UNIVAC

UNV. oac I™™  EXCITER N

LINK 'l 4 wALL

BRACKETY
HOST DECOUPLING
—_ COMPUTER s eracriens
5 SYSTEM ACTUATOR
AID
FLAT MIRROR

~

1 ) ET-| [CONTROGH.
DISK SYSTEM UP l GAINS
i E SENSOR% > ] e ACTUATORS (FRONT SIDF OF PLATE)
Y AND ACCELEROMETERS (BACK $108)
T el -~ ( SENSORS
3|

s CONTROLS ]‘ A x AJD
Une) .
UP TO 16 STATES " - —<
7 ARRAY
HAC (ONTROLLLR EQUATIONS PROCLSSOR

‘ thep * 1Ry 0 WU 0 K2y Wy DAC

b 44

t ACTUATORS

'“ml " U
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CIRCULAR PLATE EXPERIMENT - MIRROR-TYPE STRUCTURE

The circular plate experiment uses a circular aluminum plate as a
test structure. This plate is about 3 mm thick and 1.2 m in diameter.
It is suspended by its center with a system of springs and strings to
approximate unconstrained conditions, and basically simulates a large
reflector in space. Flat and corner-cube mirrors are used for optical
sensing of local rotations or displacements. Contactless electro-
magnetic actuators (for attitude/vibration control) and PPM actuators
(for vibration control only) are mounted on this plate. A 16th
order Kalman filter was implemented on the array processor usin
6 optical sensors. Four actuators were used by the controller ?3
contactless, 1 PPM). Three rigid-body modes were controlled (2
rotations, 1 translation) along with the first five bending modes
ranging from 18 to 43 Hz. The open- and closed-loop transfer functions
obtained experimentally show the controller effect of the system and
are in good agreement with theoretical predictions.

CIRCULAR PLATE EXPERIMENT — MIRROR-TYPE STRUCTURE

EXPERIMENT V] SENSORS 3 ¢ ¢ RESULTS
STRINGS q OPEN-LOOP
DECOUPLING 8.1 N ’
SPRINGS CONTACTLESS g ' CLOSED-LOOP
#
] ”n
N "
H n
S FLAT MIRROR 2 r: "ooma
[}
1HI.
CORNER CUBE ' 3]
MIRROR ] ! '
L. ol
) o " 2.¢
\ st Ve UNCONTROLLED
X \ e MODES
\ ] .
F [ v
NYLON
DETAIL(A} STRING
PPM ACTUATORS (FRONT SIDE OF PLATE)

AND ACCELEROMETERS (BACK SIDE)

FREQUENCY (Mz)

RIGID BODY AND MODAL CONTROL DEMONSTRATION

e 3 RICID BODY MODES {2 ROTATIONS, ' TRANSLATION)
o 5 BENDINC MODES (+ OM 18 TO a3 M3)
e LAC STABILIZATION OF UNMODELLED MODES
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g PROOF OF CONCEPT EXPERIMENT OF POOR QUALITY

g BLUEPRINT OF TEST SPECIMEN

¥

'i The proof of concept (POC) test specimen was conceived as a

i scaled down model of an RF offset feed antenna. Actuators and

P sensors were chosen to duplicate as closely as possible those which
$ will be used on the real article.

"

i M @
837 f art | 48 000
LASER EMISSION POINT  EQUIPMENT
SECTION

m / CMG PACKAGE
'; - ok Iooo

—Y 314 g8
ANTENNA SUPPORT .OOM'—-\ BEARING ADAPTEN

- U R .1_ -
R 16 32527- ) 3 "
3 118 245 qeriecTon” :

REFLECTOH "OCAL POINT I

104
.,

2. SPHERICAL AIR BEARING 2252,
PAN o

Dimensions in Inches

ACTUATORS:: 3 - CMG CLUSTER, PIVOTED
PROOF-MASS ACTUATORS
WEIGHT OF SPECIMEN: 600 Ib SENSORS : LASER ATTITUDE SENSORS
OVERALL LENGTH: ________25ft RATE GYROS

ACCELEROMETERS

DISH DIAMETER: 10 R SUSPENSION: ___________AIR BEARING

COMPUTATION: ___________PDP 1143 WITH CSP! ARRAY
PROCESSOR, VAMP SOFTWARE

-5 o,
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POC _XPERIMENT SETUP OF POOR QUALITY

These 2 pictures shows the POC mounted on the air bearing. The
structure was instrumented with 78 accelerometers in a first

phase, for system characterization purposes. The digital processing
setup was similar to that of the plate experiment. For control
purposes, 10 accelerumeters and three rate gyros were used. The
control actuators were three single-gimbal CMGs mounted in the back
body (two of them are seen on the triangular-shaped support).
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POC EXPERIMENTAL RESULTS OF POOR QUALITY

This real-time output of the Kalman filter estimates of the
bending states for both uncontrolled and controlled tests demon-
strates dramatically how the sixteen-state ACOSS controller succeeds
in controlling bending of the POC specimen. The tests are conducted
by applying an external excitation for the first four seconds of the
test, and the allowing the structure to ring for the next twelve
seconds. The closed-loop models not only exhibit much faster settling
times, they also have significantly reduced peak amplitudes.

OPEN LOOP CLOSED LOOP OPEN LOOP CLOSED LOOP

1
YAW PITCH PITCH
YAW /\

e o -+ b -t g w' P ";/f' '{

MAX AMP = 0.36 MAX AMP - 0.077  |MAX AMP = 0.086  IMAX*AMP = 0.036

ROLL 1.5 Hz MODE 1.5 Hz MODE

ROLL
b .

[ MAX AMP = 0.017 MAX AMP = 0.020 | MAX AMP = 0.007 MAX AMP = 0.006
1.58 Hz MODE 1.58 Hz MODE 3 Hz MODE 3 Hz MODE

LUtAAR AR R AR R AL 1A

' | ‘ | | ) ‘ l i ' ‘ 1 UG

MAX P = 0.006 MAX AMP = 0.007 MAX AMP = 0.011 | MAX AMP = 0.006
S Wz MODE 5 Hz MODE

6.9 H2 MODE 6.9 Hz MODE

MAX AMP = 0.006

MAX AMP = 0.009 MAX AMP = 0,009 MAX AMP = 0.005

TIME 1S 16 s. DISTURBANCE APPLIED DURING FIRST & s
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TRUSS EXPERIMENTAL RESULTS

The truss "wheel" structure, designed in 1979, is the most

complex of the present test structures in terms of its modal behavior.

Although its geometry is relatively simple, a high modal density is
found. The theoretical model shows numerous occurences of double and
triple roots, which, even though slightly separated in the actual
structure, are difficult to identify. The agreement between finite
element models and test results is only fair at this time, as can

be seen in the figure. The development of a control system for

this ctructure represents a real challenge, because modelling and
system identification are already difficult. However, this is
probably still much easier than it would be for any real LSS.

MIRROR (4 PLACES)
FREQUENCY SPECTRA (Hz)
TEST DATA | COMPUTED DATA
BALANCE
WIGHTS \ /LAS[R 3.397 3.525
3.403 3.527
7.264 7.328
10.594 10.53
\ 10.828 10.89
COMPLLtE WMEEL COMPLETE WMEEL 12.117 11.58
SIDE VIEW FRONT VIEW ‘5.230 13.66
15.52) 1.3
21.9 15.755 14.38
124 16.899 u.n
e TEST DATA
19.4 18.107 15.25
2.9 18.570 15.46
- 19.352 15.62
8 2.4 20.628 16.17
g 16.59
I 7.3 19.95
18.6 19.98
181 20.03
15.3 20. 1 21.94
6.9 k}} Jb 23.86
‘ y ] .13
" o @ 29.08
FREQUENCY (N2)
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CONCLUSIONS

The important lesson to be learned from this research is that
modern control theory is a very powerful tool to solve LSS control
problems, but it had to be seriously tested against real cases anc¢
amended accordingly. The significance of the experiments has been
that, with the proper adjunct of more classical approaches, such as
LAC and frequency shaping, LQG mechanizations can be made to work in
real applications and with significant performance. However, the
tight relationship between this performance and the model accuracy
indicates the almost sure necessity for system identification and
further adaptive control schemes in future real space applicatons.
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e GENERIC CONTROL STRATEGY HAS BEEN

- DEVELOPED FOR LSS

— APPLIED IN LARGE SCALE COMPUTER SIMULATIONS
- TESTED IN REALISTIC HARDWARE EXPERIMENTS

P o

e ACTIVE CONTROL

=~ CAN BE IMPLEMENTED
- PROVIDES SIGNIFICANT PERFORMANCE IMPROVEMENT

e PERFORMANCE COULD BE FURTHER IMPROVED BY
BETTER KNOWLEDGE OF SYSTEM PARAMETERS

s ot

i R e 4G

685

o 2R L og Sl otk S R




-

_N83 26885

ORIGINAL PacE g
OF POOR QuaLITY

SHAPE DETERMINATION/IDENTIFICATION
POR LARGE SPACE ANTENNAS

G. Rodriguez, J. M. Cameron, and M. H., Milman
Jet Propulsion Laboratory
California Institute of Technology
Pasadena, California

Large Space Antenna Systems Technology - 1982
NASA Langley Research Center
November 30 - December 3, 1982
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IDENTIFICATION PROBLEM OF POOR QUALITY

The shape determination problem is to reconstruct an antenna surface
given discrete (noisy) measurements. Typically, a large flexible antenna will
be perturbed from a nominal desired shape by both control actuation and
environmental disturbances. To meet future antenna performance requirements
will require a description of the dynamical interaction between these disturbances
and the static deformation and vibration of the structure., Some antenna
systems may also require active shape control to satisfy requirements.
Perforring these additional functions will in turn impose new constraints on
the shape determination process, particularly in the areas of speed, autonomy,
and sensor data rates,

® ESTABLISH KNOWLEDGE OF STATIC SHAPE
® ESTIMATE DYNAMIC SHAPE
o [DENTIFY CONTROL STRUCTURE MODEL

SENSOR TARGET IMAGE
LOCATION z
IMAGE
DETECTOR
Y
SENSOR FIELD OF VIEW M

DISH DISTORTION DUE TO
® THERMAL GRADIENTS
®  SOLAR PRE SSURE
® STATIONKEEPING THRUST
® ATTITUDE CONTROL INTERACTION
® SHAFE CONTROL ACTUATION
® DEPLOYMENT/ASSEMBLY ERRORS
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ORIGINAL PAGE IS
SHAPE DETERMINATION OF POOR QUALITY
CURRENT TECHNOLOGY FEATUW'3

Current methods for antenna calibration entail . painstaking sucvey of
the entire surface of the structure. This is usually accomplished by a
technician armed with a the.dolite. Once the survey is complete, a least-
squares fit of the data to the parameters of a paraboloid is performed. The
entire process takes on the order of days. This approach ie clzarly ins:’aquate
for systems requiring autonomous operation and real-time estimati.n.

TARGET
MANNED
SENSOR

o SEQUENTIAL SURVEY SENSING
o MAN-IN-THE-LOOP OPERATIONS
o LEAST-SQUARES PARABOLOID 7IT TO DATA
ACCURACY DEPENDENT ON NUMBER OF TARGETS _
SENSING AND ESTIMAT!ON ALGORITHM TECHNOLOGY MATURE Qﬁl"p’é‘
SURFACE RECONSTRUCT!ON TAKE'S DAYS

INFORMATION ABOUT ACTUAL SHAPE NOT READILY AVAILABLE

NOT SUFFICIENTLY ACCURATE AT SHORT WAVELENGTHS

BEST-FIT
PARABOLOID

TYPICAL APPLICATION
® LARGE GROUND ANTENNAS
64-m DSN

® GROUND CALIBRATION
OF FLIGHT ANTENNAS
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SHADES: AN INTEGRATED HARDWARE/SOFTWARE OF POOR QUALITY
SYSTEM FOR SHAFE DETERMINATION AND TDENTIFICATION

The previous 'brute force' methodology neglects to exploit the inherent
structural dynamics of the system. Incorporating a dynamical description into
the estimator design overcomes the aforementioned shortcomings. Specifically,
better estimates of surface deformation can be rcalized with fewer sensor
placements. The aspects of reduced data requirements and accurate autonomous
ser.sing are the key features of the Shape Determination System (SHADES) des-
cribed below. In aduition to the shape estimator design, SHADES will rontain
multipurpose subroutines performing such functions as system identificationm,
tracking of feed movement, and RF pointing. SHADES is an integrated system and
1s made up of two fundamental technologies: multipoint spatially distributed
sensing, provided by SHAPES (Spatial High-Accuracy Position Encoding Sensor),
and estimation and identification methodology for processing the sensor data
in order to establish knowledge of the vehicle's static and dynamic shape. In
addition, SHADES will contain the system identification algorithms required
for estimating poorly known parameters (modal frequencies, damping, etc.) in
the dynamical models. While the figure illustrates an application of SHADES
to a lairge artenna, the basic sensing, estimation, and identification capabil-
ities of the integrated system are more generally applicable to a wider range
(platforms and space stations) of large structure configurations.

SHADES

o AN INTEGRATED HARDWARE/
SOFTWARE SYSTEM FOR
SHAPE DETERMINATION
AND SYSTEM IDENTIFICATION
OF LARGE FLEXIBLE STRUCTURES

FEATURES

® SELF-CONTAINED PORTABLE
MODULE (SUITCASE)

.......

TARGETS

o MULTIPOINT OPTICAL SENSING COMPUTER ~
VIA SPATIAL HIGH-ACCURACY -
POSITION ENCODING SENSOR Tﬁ:ggggm’” E%nm&u .
(SHAPES) POSITIONS |  |_SHAPE
o RECURSIVE MAX LIKELIHOOD
ESTIMATION ALGORITHMS FOR _
ON-BOARD IMPLEMENTATION SYSTEM PERFORMANCE
1D ANALYSIS
o INTEGRATED SHAPE ESTIMATION / ! il
DENTIFI CATION MODE SHAPES RMS SURFACE ERROR
° ) C
APPLICATIONS o MODE FREQUENCIES o FEED MOVEMENT
© LSS FLIGHT EXPERIMENT DN " FEED MOVENE

® GROUND/SPACE ANTENNAS o CENTER OF MASS
® PRINCIPAL AXES
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OF POOR QUALITY THREE DIMENSIONAL MULTIPOINT SENSOR

The SHAPES concept is designed to meet the need for a shape determination
and system identification sensor that can measure the three-dimensional coordi-
nates of many points on a large space structure simultaneously. It utilizes
recent developments in short-pulse laser diodes, fiber optics, integrated
optics, streak tubes, and CCD technology. It operates by measuring the range to
and angular position of targets on the structure from a single Jocation, Range
is measured by the time of flight of very short light pulses. The precision of
this measurement is improved by the use of a discrete-delay reference path
consisting of fiber-optics links switched by integrated-optics switches. The
time delay is determined by a streak tube with a CCD readout. The angular
position is determined by the direct imaging of the targets on & second CCD.

The projected performance for SHAPES is 10 readings per second from up to
50 targets per optics head with range uncertainties of 0.15 mm and angular
position uncertainties of 104 of the field of view. More targets can be
accommodated in parallel with the addition of a second optics head.
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TARGETS
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' ouPuTE 4 PICKUP
| N FIBER OPTICS
RANGE S AHD REARING OF TARGETS PRECISION
INCRE MW NIAL
1IME DELAY
NEW TECHNOLOGY PERFORMANCE

® PICO-SECOND LASER PULSES

o PICO-SECOND.STREAK TUBE

® INTEGRATED OPTICS SWITCH

® FIBER OPTICS FOR CALIBRATION REFERENCE

o1:10%- 10° ANGLES ACCURACY
¢ 0.1 mm RANGE

« 50 TARGETS FOR OPTICS HEAD
© 10 TARGET SETS/SEC UPDATES
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R QUAL!
MULTIPOINT SENSOR DATA - OF POOR Q
55-m ANTENNA SIMULATIONS

Shown below are simulated target motions as interpreted by a sensor.
They depict structural vibrations superimposed on a static deflection. In an
actual system, the static deflection could be produced by "glow" envirommental
disturbances such as thermal gradients, while the vibration could be a result
of sn attitude control actuation. As antenna performance is degraded by
either of these disturbances, the need arises for estimation processes to
determine both the static deflectfon and dynamic response of the antenna.

The estimator objectives are to process the target displacement data
provided by the sensor in order to obtain estimates of the vehicle static deflec-
tion and dynamic shape and to establish knowledge of the control/structure
model parameters. This data processing can be performed in either a batch
mode or a recursive scheme as described in the following few figures.

TARGETS
TARGET DI SPLACEMENTS, mm
Y1 et s g w2 N
STATIC BIAS
Y Y2@ Yk
o
va Sl - \ 55-m ANTENNA
' ' g " ' Y3 SIMULATION
Yk " M ESTIMATOR OBJECTIVES:
o DETERMINE STATIC SHAPE FROM TARGET
DI SPLACEMENT BIAS
L 1 ! 1 1 __j © DETERMINE DYNAMIC SHAPE FROM
0 5 15 10 2 S DYNAMIC DATA

TIME, MIN o |DENTIFY CONTROL/STRUCTURE MODEL
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RATCH PROCESSING OF POOR QUE\;E!T'\?

Ry detinition, batceh processing requivea the collection of all measurement
data prior to estimation, This hax a nepative computational impact in that
matrix computations on the order of the number of aensor taryets vesult, With a
singie optical head, the SHAPES sensor can accommodate about 50 targets at 10 Hs.
hiis number can be increased by using multiple optical heads or by decreasing
the data rate, (Alan, angular accuracy can be enhanced by restricting the fleld
ot view,) Thus, to fully utilize the sensor's capabiiities necesaitatea alternate
processing schemes,
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ORIGINAL PAGE IS
OF POOR QUALITY

SCANNING ALGOLITHMS -
RECURSIVE PROCESSING

An alternative to batch processing is recursive processing, which involves
an update of the state estimate with each new observation set. After initial-
ization of the estimator, the state is updated by processing the measurement
residual., The state update in the continuous-discrete Kalman filter can, in
many cases, be reduced to scalar operationas. A possible recursive scheme is
presented below., Here, the state is updated with each individual measurement;
this results in simplified computations and overall reduction in estimator
complexity. The practical implementation of infinite-dimensional estimators
of this type requires new theoretical tools and techniques as indicated in

the following figure.

° X X
4 PREDICTED SMALL MATRIX COMPUTATIONS
ESTIMATE

® FAST STATIC SHAPE AND
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SCANNING ALGORITHMS - ORIGINAL PAGE IS
OF POOR GUALITY

AZIMUTHAL SWEEPS

Some current research areas in estimation methodology are described below.
For example, new applications of the Gohberg-Krein factorization combined with
the theory of random fields and random processes with values in an infinite-
dimensional space are expected to yield scanning type algorithms.
sweep scheme involving state update in the radial direction and state propagation
in the azimuthal direction is currently under investigation.

Another development that is anticipated to facilitate the realization of
infinite-dimensional filters is the "x-y" type algorithms for fast estimation,
which circumvent the need for covariance propagation and thereby result in very
efficient on-board implementations that take full advantage of the emerging
parallel processing computer technology.

RADIAL
UPDATE

AZIMUTHAL
PROPAGATION

STATE
ESTIMATE

NEW ESTIMATION METHODOLOGY

® [NFINITE-DIMENSIONAL LEAST- SQUARES

ESTIMATION/IDENTIFICATION IN
RANDOM FIELDS

SPATIALLY DISTRIBUTED DATA
PROCESSING

GOHBERG-KREIN FACTORIZATION

FAST ALGORITHM THEORY REQUIRING
NO COVARIANCE PROPAGATION

X-Y ALGORITHMS

An azimuthal
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BATCH VERSUS SCANNING - OF POOR QUALITY
HIGHEST OBSERVABLE MODAL FREQUENCY

For quasistatic estimation, large juantities of data can be processed

simultaneousiy in a batch mode. But for real-time applications, this amount

of data processing will have to be reduced considerably. The scanning solutions
have a potential to provide this reduction. A rough estimate of frequencies
that can be tracked versus the number of sensor targets to be processed in both
batch and scanning modes is shown below. It can be seen from the chart that the
highest observable frequency increases as more of the data is processed in a
scanning mode, thereby leading to estimator designs that can respond more quickly
to a changing shape. Conversely, the estimator response becomes slower and less
able to track high-frequency structural vibrations as more data is processed in
a batch mode. An efficient combination of both scanning and batch data pro-
cessing (implemented by means of parallel computations) will be under investi-

gation for the SHADES application.
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ORIGINAL PACE |3

FIGUXE ESTIMATION AND CONTROL OF POOR QUALITY
PERFORMANCE ILLUSTRATION

The focus of recent JPL work in the shape estimation area has been on
sensor placement sensitivity studies based on a 55-m wrap-rib antenna model.
These results are presented in the next few figures. The simulations in-
volved recontructing the antenna surface from a set of discrete measure-
ments as shown in the figure., In each simulation a deformation of a nominal
antenna shape was produced by a linear combination of the first 18 modes
provided by a {inite element model of the antenna, The estimator performance
in a batch mode was then investigated for several sensor placement configura-
tions. A parallel investigation of the sensitivity of figure control
performance to actuator placement (as opposed to sensor placement) was also
conducted. Most of the results for the sensor placement study presented
here have a parallel, analogous (dual) interpretation in terms of actuator
placement.
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ESTIMATION ERROR SENSITIVITY ORIGINAL PAGE IS
TO SENSOR PLACEMENT OF POOR QUALITY

This figure illustrates the sensitivity in estimation error due to
small repositionings of the sensors. This sensitivity has two important
ramifications., First, it suggests an equal sensitivity to perturbations of
the mode shapes. This underscores the need for good modeling of modes. The
second consequence is the implication that methods for determining "optimal"
sensor placement must carefully address the issue of constraints on the set
of admissible placement because a small repositioning of the sensors could
have a significant effect on the estimator performance.
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SENSITIVITY TO SENSOR ACCURACY

Intuitively, i1t is clear that estimator performance improves with sensor
accuracy. However, the role of sensor placement in the amount of improvement
to be gained is important here also. Note the contrast between performance
improvement versus sensor accuracy for the two different sensor configurations
below. The configuration using a uniform placement of sensors improves very
little once the sensor error drops below 102 mm, while a "suboptimal" placement
continues to improve. The suboptimal placement was motivated by a desire to
maximize, in a general and somewhat empirical sense, the signal-to-noise ratio
for each sensor position. This was accomplished by positioning sensors at
points of maximal deflection for each of the active modes. Although the
problem of optimizing sensor placement involves more than the consideration of
reducing the effect of sensor noise, this suboptimal approach is suggestive
of general guidelines or directions for choosing sensor placement,

SURFACE ESTIMATION ERROR, mm RMS

0 i \ 1
- : 3
10! 10° 0! 102 107

SENSOR ACCURACY, mm
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ORIGINAL PAGE IS
SENSITIVITY TO SENSOR NUMBER  OF POOR QUALITY

Here, the effect of arbitrarily adding new sensors to a given configuration
is illustrated. More than an order of magnitude improvement was realized from
going from an initial set of 10 sensor targets to a set of 42 targets. Note
also the drastic improvement in performance obtained by the addition of a "well-
placed" 12th sensor target. This result suggests that the indiscriminate
addition of targets does not necessarily lead to significant improvements in
performance, Much better improvements can be expected i1f the sensor target
placement strateglies are based on a detailed understanding of the eatimation
and modeling problems. The parallel (and integrated) development of the
sensor technology and of the estimation/identification methodology will ensure
that such an understanding exists as SHADES evolves and will result in better
overall system performance.
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SENSOR PLACEMENT SENSITIVITY - OF POOR QUALITY

FY'82 RESULTS SUMMARY

A recapitulation of the major FY'82 findings is given below. The most
significant aspect of the analysis is the rather broad spectrum of expected
performance that can be realized from varying the number of either sensor
targets or positions. So, although it is premature to make definitive
conclusions concerning the ability to meet shape determination requirements
for a specific mission (e.g. a 55-m antenna), the preliminary analysis does
indicate that there is a lot of potential in the area of improving performance
by means of selective sensor placement.

® ESTIMATOR PERFORMANCE VERY SENSITIVE TO SENSOR PLACEMENT

© PERFORMANCE DE PENDENT UPON SENSOR PLACEMENT AND ACCURACY

© EXHAUSTIVE SEARCH TECHNIQUES FOR OPTIMAL PLACEMENT DIFFICULT TO IMPLEMENT
@ SUBOPTIMAL TECHNIQUES UNDER DEVELOPMENT

©® SENSITIVITIES TO PLACEMENT AND TO MODEL ERRORS ARE EQUI VALENT
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55-m WRAP-RIB MODAL FREQUENCIES OF POOR QUALITY

ILLUSTRATION OF SYSTEM ID PROBLEM

Presented below is an illustration of some of the modes of a 55-m wrap-rib
antenna dish. The figure shows: (1) an in-plane bending mode at a frequency of
about 0.2 Hz in which the dynamics are governed primarily by the rib mass and
bending stiffness; (2) an out-of-plane hending mode at a frequency of about
0.7 Hz; and (3) a mesh node cluster in which the overall dynamics are still
dominated by the rib mass and stiffness while the mesh stiffness causes a
cluster of an infinite number of modes with almost identical frequency.

While the model is very detailed and has been generated by one of the most
advanced finite element programs available, it 1is nonetheless inherently limited
in terms of its accuracy because of the unavoidable presence of a large number
of model errors. For instance, inaccurate knowledge of the rib stiffness will
result in incorrect values for the rib bending modal frequencies and mode
shapes. Similarly, the linear approximation used for the mesh elastic behavior
leads to errors in the characterization of combined rib/mesh dynamics. For the
static shape estimation problem, the inaccuracies in the mesh model could also
result in incorrect mesh shape estimates.

Because recent control/structure interaction studies have shown that such
errors (which are cypical of many large space systems) could seriously degrade
overall system performance, it is widely recognized that a process of in-flight
identification will be required in order to improve preflight dynamical models.
SHADES addresses this need by providing for a system identification capability
that is an integral part of the combined sensor/algorithm system. It should
be stressed at this point that the system ID capability incorporated into
SHADES is applicable to a wide range of structural configurations and is not
limited to the large antenna illustrations in this paper. The methodology to
achieve the identification process is discussed in the following figures.
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MAXIMUM LIKELIHOOD IDENTIFICATION OF POOR QUALITY
APPROACH SUMMARY

A maximum likelihood approach has been selected for the purpose of
identifving system parameters. This method is based on sound statistical
principles and has the potential for extracting the maximum amount of inforna-
tion from the data. 1t is also a method that has been quite successfully advanced
in the area of aircraft parameter identification,

The main ideas i.aderlying the waximum likelihood approach are illustrated
in the figure, The method assumes a system model that contains a vector 6 of
unknown parameters. The objcctive of the identification process is tco estimate
this vector from measurements of the system behavior as well as from the
system model itself. In this particular application, the maximum likelihooa
approach seeks ¢to find an optimel (maximum-likelihood) parameter estimate that
minimizes wi t is referred to as the negative log-likelihood functional. ‘The
minimization i8 conducted by means of a numerical search based on the Newtou-
Raphson method that, from an initial estimate, generates a sequence of estimates

6" based on computations of the gradient g and the approximate Hessian matrix
M, as illustrated in the figure.

SYSTEM MODEL

x = A(@)x+B(8)w e §=UNKNOWN PARAMETERS
Y = H( 8 )x ('k) +n, ® x=STATE

® Y= OBSERVATIONS

ow,n = MODEL ERRORS

NEGATIVE LOG LIKELIHOOD (INNOVATIONS REPRESENTATION)
N
MINIMIZE J(8) = 3 kz-:‘ [Trlog D, (6) +e, 1(8) D, (8) 0, (8]
o o = v, - H(8)Z(t}) = INNOVATIONS PROCESS
® D, = Ele s, ") = PREDICTION ERROR COVARIANCE
® Z(+}) = PREDICTED STATE ESTIMATE

NEWTON-RAPHSON NUMERICAL SEARCH
"' - g M1y e 6" < CURRENT PARAMETER ESTIMATE
© 8™*1 . NEW PARAMETER ESTIMATE
o g = GRADIENT
® M= APPROXIMATE HESSIAN
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MAXIMUM LIKELIHOOD IDENTIFICATION OF POOR QUALITY
FUNCTIONAL BLOCK DIAGRAM

The computations involved in the maximum likelihood approach are summarized
in the block diagram. The approach assumes that an initial value for the
parameter estimates is available to start the process. This initial estimate
is used to design a Kalman filter and a corresponding sensitivity filter that
generates the sensitivity of the innovations process with respect to the poorly
known parameters (see STATE ESTIMATOR and SENSITIVITY FILTER blocks). The in-
novations and their related innovations sensitivities are the.i used in a SEN-
SITIVITY MATRIX GENERATOR to form: (1) the gradient of the likelihood functional
with respect to the parameters being identified; and (2) an approximation to the
Hessian matrix which reflects the curvature of the functional corresponding to
the current value of the parameter estimates. Based on the gradient and the
approximate Hessian matrix computation, a new parameter estimate is established
as shown in the NEWTON-RAPHSON PARAMETER UPDATE block of the diagram. Once the
new parameter estimate 1s determined, the new estimate becomes the current one,
and the overall proce~s (including filtering and sensitivity matrix generation)
is repeated as many times as necessary until convergence to the optimal
paranecter estimate is achieved.
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TYPICAL LIKELIHOOD FUNCTIONALS - ORIGINAL PAGE IS
NEWTON-RAPHSON ITERATION OF POOR QUALITY

The plots below show typical negative log likelihood functionals for
frequency and damping resulting from an initial displacement in a one-mode
model. Both identification problems are tractable to numerical search methods
for optimization in the displayed neighborhoods since the true values are also
the only minima in the regions. The figure also illustrates the sequence
generated by the Newton-Raphson method for the case of damping ratio identifi-
cation. Starting from an initial damping ratio estimate denoted by £;, the
numerical search generates a sequence &, €9, +.. which ultimately converges to
the actual value. The frequency identi%ication problem cannot be solved for
this case by the Newton-Raphson method alone due to the occurrence of the
inflection points near the minimum. Thus, a hybrid approach using a gradient
method to get '"close", followed by Newton-Raphson iteration to improve
convergence, is mere applicable to this particular example.
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L
FREQUENCY AND DAMPING IDENTIFICATION OF POOR QUALITY

ITERATED CONVERGENCE

Preliminary algorithm convergence results for damping and frequency identi-
fication illustrate the numerical search minimization of the likelihood func-
tional described in the previous figures. This figure shows plots of estimated
frequency and damping versus the number of iterations for the case of a structure
described by a single vibrational mode. In the frequency identification problem,
the Newton-Raphson method converged for a range of nominal values from 0.37 Hz
to 2.6 Hz where the true value was 1 Hz, This contrasts with the (proportionally)
wider range of convergence of the method in the damping identification problem.
The convergence properties are, however, very highly dependent on the type of
excitation that is used to generate the data used for identification. Improved
convergence can be obtained by designing inputs that in some sense maximize
the information that the data contains about the parameters being identified.
Therefore, although in this particular case a wider range of convergence was
obtained for the damping problem, other cases have shown that (with an appropriate
excitation) the frequency identification search can also be made to converge
for a wider range of the initial parameter estimates.
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ORIGINAL PAGE IS
SHADES DEVELOPMENT APPROACH OF POOR QUALITY

A flowchart describing the approach being used in the development of the
Shape Determination System (SHADES) is shown below. Preliminary algorithms for
static figure determination and system identification have been developed.
Detailed design work has been completed for the SHAPES sensor, and hardware is
currently being prepared for experimental tests. Work is now beginning on
suboptimal sensor placement methods and on fast algorithm theory in the figure
determination area. In the system identification area, the initial algorithms
are being expanded and modified to accommodate multimodal and distributed
system models as well as fast scanning and processing of sensor data. Once
the algorithms for shape determination and system identification have matured,
software requirements will be generated for the integration of the system,
This will then be followed by the implementation and evzluation phases in
ground tests and possible flight experiments.
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PRACTICAL APPROACHES TO THE DESIGN OF CONTROL SYSTEMS
FOR LARGE SPACE STRUCTURES

H. J. Buchanan
Marshall Space Flight Center
Huntsville, Alabama

Large Space Antenna Systems Technology - 1982
NASA Langley Research Center
November 30 - December 3, 1982
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INTRODUCTION

This paper will deal with some of the practical problems that face the control
system designer over the next decade. These are generally deficiencies in tools or
knowledge, sometimes both.

The first step is, of course, an assessment of the problem at hand. While some
aspects of future large systems have been given much discussion, other problems of
practical significance have been largely ignored.
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FUTURE SPACE SYSTEMS

Large spacecraft now being contemplated for development before the end of this
century will differ vastly from the smaller vehicles of the 60's and 70's. Although

these differences will impact the design of all subsystems, the effect will be felt
in particular by the control system designer.

Perhaps the most publicized difference is the enormous size of some of these
vehicles. Much has also been made of system flexibility as exemplified by low and
closely spaced modal frequencies. System complexity has not yet received so much
attention, but previous spacecraft tended to be configured to fit launch vehicles,
leading to relatively compact, simple structures. Most of the proposed large systems
consist of deployable modules of Shuttle transportable size attached to one another
(see figure 1). This can lead to configurations which are topologically quite complex.

Another area of difference has to do with the evolving nature of these systems.
Earlier satellites were built to fit a well specified mission. Many of these future
systems have the nature of a general facility to be used over a period of many years
by a wide range of users. The requirements imposed on all subsystems and particularly
the attitude control control system can be expected to change with time. Even the

vehicle itself can be expected to expand and contract as new missions and requirements
are imposed.

At Marshall Space Flight Center we are making an effort to anticipate these
problems and develop tools and procedures to fit the tasks shown in figure 2. This

paper will discuss three such developments and describe how they relate to one another
as well as to the anticipated problems,
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20M DIA DEPLOYABLE
ASTRONOMY REFLECTOR
{(INFRARED/SUBMILLIMETER)

U
PAYLOAD
ASSEMBLY/
CHECKOUT

ADAPTER/
MANIPULATOR CONTROL
ANU REFLECTOR
CHECKOUT CENTER

Figure 1

SIZE - LINEAR DIMENSIONS AND AREAS ARE LARGE.

FLEXIBILITY - MODAL FREQUENCIES ARE LOW AND CLOSELY
SPACED.

TOPOLOGY - SYSTEM IS COMPLEX WITH MANY CONNECTIONS.

EVOLUTIONARY - SYSTEM CHANGES IN SI1ZE, SHAPE, AND
PURPOSE.

Figure 2
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The evolving nature and complex geometry of many currently proposed space
structures poses an obstacle to both the structural dynamic analyst and *he control
system designer. As the structure grows, economical modeling procedures which pro-
vide for the adding of major elements without remodeling the entire system will be
in demand by the control community. In a related factor, growth implies that the
system topology may change significantly. For example, figure 3 shows three classic
configurations we may expect to encounter. The first is a chain of bodies. The
second shows a chain with many appendages, branching like a tree. The final example
is a ring with branches extending from it. A unified modeling technique needs to be
developed which is capable of treating all of these cases.

.- “le
T (’hull‘
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BRANCH

RING WITH
BRANCHES

Figure 3
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AUCMENTED FLEXIBLE BODY ANALYSIS

Honeywell is developing for NASA an Augmented Flexible Body Analysis package
(reference 1) which will encompacss all of these topologies and allow large angular
motion between any segments of the topology. A special Direct Matrix Abstraction
Program (DMAP) of the latest version of NASTRAN was effected to generate the flexible
body data base. Currently a version of this program is available for conducting time
response simulations of a chain topology and work is well along on the extension to
cover rings and branches. The program is based on a unique formulation of the multi-
body differential equations by Likins and Singh (reference 2) which offers an
advanced capability for analyzing complex flexible structures. The program treats
the total structure as an interconnected set of individual bodies, each with its own
modal characteristics and boundary conditions. Thus models of specific modules can
be developed and then combined in a variety of configurations. Active control ele-
ments can be included if desired. The t.me response capability will be most useful
in verifying the performance of control.,2rs developed using simplified models. A
planned option will generate the linearized coefficients of the equations of motion
for use in off-line design tools.

Four relatively simple steps (figure 4) are required to use the system. 1)
System configuration and initial conditions nust be defined. |If a controller is
being used it must be specified. 2) A modal data file for each flexible body must
be created (this can be done by an off-line program such as NASTRAN). 3) Run an
interactive program which creates the job control and data files necessary to
execute the simulation. 4) Run the simulation and create plot and output files as
desired.

We are working with the initial version of this program and expect it to have
great utility.

SYSTEM
GEOMETRY,
INITIAL CONDITIONS
AND CONTROL OPTIONS
PROGRAM TO
SET UP
SIMULATION CONTROL
FILE & DATA FILES
MODAL DATA
FOR BODIES TO
BE CONNECTED
(NASTRAN TAPES)
TIME RESPONSE
SIMULATION

Figure 4
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MODULAR CONTROL OF POOR QUALITY

For large evolving spacecraft the control system requirements will grow rapidly
as the vehicle matures. A means for adding to the system efficiently with minimum
impact to the existing plant has been identified as a priority technological issue.
A modular control concept is one approach to this goal. Such a modular configuration
is pictured in figure 5. Here individual station modules would be provided with
their own control subsystem consisting of actuators, sensors, control computers, etc.
At a higher level a supervisory controller coordinates the module subsystems to in-
sure that attitude control of the entire body is maintained and to eliminate the
potential for undesirable interaction at the module interfaces. With a successful
solution, addition of a moduie would only require re-instruction of the supervisory
controller and provisions for connecting the module subsystem to it.

Bendix, under NASA contract, has been actively pursuing one approach to this
problem. To date the concept has been implemented in a simulation for a somewhat
restricted case (reference 3). Future efforts will concentrate on reducing these
restrictions and rendering the corcept more practical. A solution to this problenm
can create new flexibility in system design, leading to lower front-end cost and
probably lower life cycle cost.

COORDINATION

COMPENSATION OF APPENDAGE DISTURBANCES — SHOART TERM
ATTITUDE COMMANDS ~ LONG TERM

MOMENTUM MANASEMENT

’ 1

i |

1_4
. - —ol R
—— = i
CONTROL l CONTAGL —L lCONYIOL|
MODULE MO;)ULI ‘ r A : Mo:uu |

1 oY EFERENC RODY
SENSORS Ffusonl fumons 1 SENSON |“'“°"l| | |
] L PO 1
STRUCTURE 1 STRUCTURE 2 STAUCTURE N
\ouucnen SENSOR /
Figure 5
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In the recent past the design process (figure 6) has consisted of: 1) charac-

terizing the structure analytically; 2) designing the controller; 3) dynamic testing

of the structure to improve the characterization; 4) revising the controller design
based on this knowledge, and finally 5) evaluating the actual performance, which
contributes to the experience base for future work. The changes to this sequence are
primarily that steps 3 § 4 must now be postponed until the flight phase. Ground
vibration test of large structures is difficult to accompiisli and the information
obtained may still be inadequate. This means that one should probably plan for on-
orbit vibration testing If accurate structural dynamic data is critical to system
performance. An approach to this problem would see the spacecraft launched with a
'caretaker' control system design based on the best available dynamic data set.

The control system would emphasize 'robustness' over performance. Once on orbit a
dynamic test would be performed and the actual dynamics used to optimize control
system parameters %o meet performance goals. |f the configuration or requirements
change significantly, the test-design update can be repeated. Eventually this
operation will be done on line in real time (i.e., an adaptive control scheme), but
in the near future only a well-structured, streamlined procedure will probably be
required. This 'shake-down perliod' will not be a great sacrifice for a system with
an operational lifetime spanning tens of years.

ANALYTICALLY
CHARACTERIZE
STRUCTURE

DESIGN
CONTROLLER

DESIGN
CONTROLLER

TRADITIONAL

REVISE
CONTROLLER

SUGGESTED APPROACH
FOR LARGE SYSTEMS

Figure 6
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NASA is developing an on-orbit test capability in conjunction with the Solar
Array Flight Test Experiment (SAFE). Since another paper deals specifically with
SAFE (reference 4), it will not be discussed further here. Ihe second goal lies
more in the domain of the control system designer and is being pursued in laboratory
demonstrations under way in several places around the country. These yenerally empha-
size slightly different aspects of the problem and compliment one another. The MSFC
control demonstration deals with the problem of stabiliziny and pointing flexible
bodies mounted to a base stiructure. The test set-up is pictured in figure 7. The
test article is a 33 ft x 7 in. Voyager Magnetometer boom and the control system is
buiit around a two-axis gimbal system develnped for the Advanced Gimbal System (AGS)
program. Sensors mounted on the gimbal plate and also at the far end of the boom are
conn~cted to a microprocessor containing the control logic. The structure is vertical
with both the upper suspension and the base supported on air bearings. Tests will
investigate robust controller designs with structural frequencies within the control
bandwidth. At present, system elements have been delivered and interface equipment
built up. ti.llowing integration, which is now in progress, a dynamic test of the
system will be performed, followed by the beginning of control system experimeits
later in this fiscal year. This cycle of dynamic characterization and controller
investigation is designed to give more insight into the design of the 'caretaker
controller' and the process of revising the system once the dynamics are known.

17
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SUMMARY

In 1981 an effort was made to anticipate some of the practical problems the
control engineer would have to deal with in the next few years. With that in mind
we have shaped our research program to address solutions to some of these problems.
As indicated, progress Is being made and we expect to produce some useful methodol-
ogy and design tools in addition to contributing to the general body of knowledge in
the area of control systems,

ns

b s s eaea rene -

o W P 5 <9 P 4By G R, B NN 5 A U 1 Wt

Bl

L

- S et e



ORIGINAL PAGE I

OF POOR QUAL:TY
REFERENCES

User's Manual for Augmented Flexible Body Dynamic Analysis Program. No. 18262,
Honeywell Avionics Division, July 1982,

Singh, R. P.: Dynamics of a Chain of Flexible Bodies. Ph.D. Thesis, Univ. of
Alabama, Huntsville, 1980.

Chichester, F. D.: Modular Design Attitude Control System. NASA CR-161998,
‘982¢

Schock, R. W.: SAFE On~Orblt Experiment for Measurement of Large Structures

Dynamics. Larae Space Antenna Systems Technoloqy - 1982, Part 2, NASA CP-2269,
1983, op. 981-990.

79

s



N 1

e se g
f J"ﬁ?"{ﬂ“‘"‘"‘SMﬁ ot
TN BN

P R

_N§3 26887 ¥

ORIGINAL pror is
OF POCR QurLTY

RESULTS OF STUDIES AT LANGLEY RESEARCH CENTER
ON THE CONTROL OF LARGE SPACE SYSTEMS

R. C. Montgomery and L. W. Taylor, Jr.
NASA Langley Research Center
Hampton, Virginia

Large Space Antenna Systems Technology ~ 1982
NASA Langley Research Center
November 30 - December 2, 1982

PRECEDING PAGE BLANK NoOT FILMED

Iy

wd

e s



P~
H

ORIGINAL PAGE IS
OF POOR QUALITY

Control Moment Gyro (CMG) research efforts are aimed at establishing the
technology deemed essential to permit the precise, robust, long-term, and reliable
coutrol of large space systems. As such, research will be concentrated on the labo-
ratory evaluation of a double-gimbal CMG having a momentum capacity of 4500 ft-lb-sec
and a torque output capability of 200 ft-1b through the utilization of two direct-
drive, brushless DC torquers per gimbal. Results obtained from the characterization
testing program will be used to gencrate a high-fidelity mathematical model of the
CMG for use in system simulations and trade-off studies.
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The effectiveness of momentum storage devices for providing control of a space
vehicle's attitude has been demonstrated in flight. However, in most cases, the full
potential of these devices was not utilized. One approach to realirzing the full
capability of a gimballed momentum device is to combine the control functions asso-
ciated with such a unit with those attendant with energy storage and power genera-
tion. The unit shown in the figure is the rotating assembly of a double-gimbal IPACS
(Integrated Power/Attitude Control System) unit. This device is capable of storing
1.5 kW-hr of energy and of delivering 2.5 kW of power at 52 V DC. 1In addition, it is
designed to provide 20 ft-1b of torque required for control of an unmanned space-
craft. The research on this device will concentrate on establishing the generic
technology associated with such a concept to permit future applications. These
efforts will consist of characterization testing, math modeling, and utilization of
such models in system trade-off analyses.

APPLICATIONS : 0race aTATION, LARE SPACE STRUCTURSE, LONS-DURATION SAVILLIVES
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Research is in progress on modal adaptive control wherein measurement data are

converted to modal amplitudes using a modal decomposition based on approximate mode
shapes. The problems of on-line testing to obtain mode-shape approximations and the
number of parallel channels required are treated further on in this presentation.
After modal amplitudes are obtained, an ARMA parameter identification is made to
identify modal frequency, damping, and control effectiveness for each mode. These
parameters are used in a modal control design algorithm to calculate modal control
feedback gains. Both proportional and on-off modal controllers have been examined
in our research facility.
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The facility used for all experimental results presented herein 1s shown below.
The photograph shows the end view of a beam, which is the structural test article.
Four actuators are attached to the beam and can move it in the horizonta® plane.
Noncontacting displacement sensors measure the deflection of the beam at nine sta-
tions along the longitudinal axis of the beam. Compensation networks are used to
reduce the effect of friction and viscous damping at the actuator attachments, Thus,

the beam should behave essentially as a free beam in space with respect to transverse
motions in the horizontal plane.
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The studies reported herein were carried out using the free-free beam experi-
mental setup at NASA Langley. The system consists of nine deflection-measuring
sengors and four electromagnetic actuators. The mounting locations are indicated in
the figure below. For the study, the first three flexible mode shapes and fre-
quencies obtained using SPAR are also illustr ited.
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The parameter identification of the frequency and damping terms in an ARMA model
of the dynamics of the beam is shown here. In this case only the second flexible
moae was excited in an infrared vibration. Note that the characteristics of that
mode are well identified (second set of graphs from the top), in agreement with a
SPAR model, whereas the others are not. This indicates the need for testing the
validity of the parameter estimates before modifying the control system design model.

OUTPUT OF PARAMETER IDENTIFIERS
MODE 2 EXCITED
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The main advantages of using lattice filters in large space systems control are
described below.

* PROPOSED METHOD:

USE OF RECURSIVE, LEAST-SQUARE, LATTICE FILTERS FOR THE
IDENTIFICATION OF LSS DYNAMICS

o LATTICC FILTER:

RECURSIVE BOTH IN ORDER AND TIME
WIDELY USED IN ADAPTIVE SIGNAL PROCESSING (SPEECH, COMMUNICATION)
EASY IMPLEMENTATION - IN CHIP FORM

EXCELLENT NUMERICAL BEHAVIOR

® THE METHOD:

DETERMINES SYSTEM ORDER ON-LINE AND ALSO THE MODE SHAPES
FROM OUTPUT MEASUREMENTS
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The lattice filter essentially uses two kinds of residual sequences, namely
the forward residual ei,n and the backward residual T{ n In the symbol ei,n'
i stands for time instant and n stands for order. Thus it is seen that e n is

recursive in both time and order. The symbol € stands for orthogonal project’:ion
operator, with é(yilyni_l) meaning the orthogonal projection of y; on the space
spanned by the last n measurements.

FORWARD AnD BACKWARD RES IDUALS

n
Tn = Yin " ¢(yi_nhi)

:
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The most useful property of lattice filters is that, at any instant, all esti-
mators of order from 0,1,2...n are available. This is clearly brought out in the
figure below, and this property can be used for on-line change in estimator order,
depending upon the system characteristics.

NEST ING OF EST IMATION
N1 e Gy I
|
N ;

|
-2 2
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A typical block diagram for the lattice section is given below. It can be seen
that the forward and backward residuals are interrelated by the reflection coeffi-
cient ki,n' Also, this involves & delayed backward residual Ti,n° indicated by

z=l. The "lattice" filter derives its name because of this kind of lattice section,
which is commonly described in the nefwork synthesis area.

LATTICE SECTION
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Here, two algorithms operating on different sets of measurement data are com-
pared. Both obtain essentially the same primary mode shape from the experimental
apparatus. For reference, the mode shape predicted from SPAR is also plotted. The
disparity is believed to be caused by the spring and mass characteristics of the
actuators, which were not included in the SPAR model.

COMPARISON OF ESTIMATED MODE SHAPES
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A minimization criterion has been developed to determine optimal sensor and
actuator placement. It has been used successfully to determine optimal actuator
placement for static shape control of the beam and the grid (plate) shown in the
figure. It is assumed that the actuator loads are to be readjusted following any
failures, but that the locations cannot be changed. The overall criterion is the
shape control of the grid; that is, the integral square error between the actual
shape of the grid and a desired one should be minimized.

PERFORMANCE OPTIMIZATION OVER MISS1ON LIFE
CONS IDERING RELIABILITY

Application to Grid Structure

733
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When reliability of the actuators is considered, the criterion is modified to
the expected value of the integral error; that is, the sum of the integral square
error for each possible failure state considered, multiplied by the probability that
the state will occur. The criterion is shown plotted as a function of the ratio
between the mean time to failure of the actuators (Ty) and design mission life (T).
The optimal location of the actuators indicates configuration 2 for short design
mission life and configuration 4 for long design life. This result is expected,
since for short life the actuators probably will not fail, and the designer will opt
for the higher performance achievable by distributing the actuators, without con-
sidering the performance degradation that will result if one or more components fail.
On the other hand, if the design mission life is long, the designer should select
configuration 4 because the actuator locations are such that, by increasing the load,
one actuator can nearly substitute for any failed one.

SELECTION OF BEST CONFIGURATION

Relation to Design Mission Life and Component MTBF

—
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The table shows the effects of parameter errors on the closed-loop stability of
the beam using a modal control law. The table shows the range of parameter errors
that can be tolerated and still yield stability in the noncollocated modal control
design. It appears that the system will be stable for parameter identification
errors in the range of the algorithm tested. A linear modal distributed control
system has been developed and tested using the beam facility. The tests demonstrated
the ability to use noncollocated feedback of sensors to actuators throtgh a modal
control scheme. Noncollocated design is of fundamental importance in analytic redun-
dancy management to handle the sensor-actuator control loop reconfiguration in the
event of failure of control system components.

CONTROLLER DES IGN STUDIES

EXPERIMENTAL RESULTS

PARAMETER ERROR SENSITIVITY FIRST FLEXIBLE MODE EXCITED
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An on-off modal control law has also been implemented on the experimental facil-
ity. The top graph shows the displacement of the beam as recorded by the sensor
located at x = 2.5 ft from the end. The bottom graph shows the force exerted on
the beam by the actuator at the same location. The quantization in the actuator
space 1s evident. It is clear that the control system suppressed the vibratory
motion of the beam in a very short period of time.
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A control-design analysis is under development for a large space-~based antenna
system., A NASTRAN model of a 122-m-diameter hoop-column antenna is being used as the

basis for the design. The schematic sketch shows possible locations for the two

types of controllers employed in the simulated studies. Control moment gyros and/or
reaction control jets can be located at positions 1 to 4 along the mast, and reaction

control jets can be located at positions arouid the hoop.

Z
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t1
4
6
3
. 5
X 2
ANTENNA CHARACTERISTICS
Diameter = 400 ft. ODE Wy s rad/sec Period, sec
W =10020 1b 1 .7466 8.42
= 8 2 2 1.346 4,67
IX ].360 x 10 ]b-ft 3 ;.7025 3.69
, 8 2 4 .1813 1.98
Iy 1.365 x 10 1b-ft 5 4'5294 1.39
1, = 1.081 x 10% 1b-ft? ® 55905 1.12
- 6 2
Ixz 0.58 x 10" 1b-ft
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Various control techniques are being investigated to establish the most reliable
and efficient design procedures for the hoop-column antenna. The figure illustrates
typical results for two of the design methods investigated. The linear quadratic
regulator (LQR) optimal control technique is being used as the basis for comparison
of the various techuiques. The plots show that the LQR and decoupled control meth.ds
produce comparable resulte for nulling disturbances in the three rigid-body modes and
in the first three structural (vibration) modes. Of the two methods, the LQR method
is the more complicated because of the iterative process required to achieve desired
performance. The decoupled method provides a simple closed-form solution and pro-
duces the exact closed-loop dynamics specified for the system.

COMPARISON OF OPTIMAL AND DECOUPLED RESPONSES
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Control systems were designed for the hoop/column antenna using collocated out-
put feedback and LQG techniques. This figure shows a comparison of performances
obtained using the two methods. The controllers were designed for three different
closed-loop, rigid-body bandwidths (£5), and for various values of the (closed-loop)
time constant corresponding to the structural modes. (The horizontal axis for the
collocated controller figures indicates the desired negative shift in the closed-loop
eigenvalues corresponding to the structural modes, which is used as a design param-
eter. The horizontal axis for the LQG controller indicates successive increase at
each step in the "Q" matrix, which indirectly achieves the same effect.)

The expected values of pointing errors, feed-motion errors, and surface errors
were computed in the presence of sensor and actuator noise. Although both controllers
satisfy the requirements, the LQR controller is found to perform significantly better,
especially when a smaller number of sensors and actuators was used.

CONTROLLER PERFORMANCE ANALYSIS
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System identification with dynamic models represented by partial differential
equations is currently being investigated at Brown University and Langley Research
Center. The general approach is to select a distributed model for the system to be
identified and apply a Galerkin procedure with spline basis functions to project the
problem onto a finite dimensional subspace within which the identification is per-
formed. Theory and software are being developed for a two-dimensional stretched
membrane in a form descriptive of tihe mesh surface of the hoop-column antenna. Given
a set of measured displacements up(r,0) and applied forces f£(r,0), the solution u
is expressed as a finite (bilinear) combination of splined oy(r) and pj(e) with

coordinates mij‘ The tension is similarly expressed with coordinates 7Y (expressed
in vector form). The Galerkin procedure defines wyj as an implicit function of Y,

and Yy 1s chosen to minimize a least-squares function of the fit error. Theory has
been derived which guarantees that as the order of the u approximation increases,
the spline approximation converges to the solution of the distributed model with a
stable underlying system identification procedure defining Y.

SYSTEMS IDENTIFICATION APPROACH

® RESEARCH GRANT (BROWN UNIVERSITY)
® GALERKIN PROJECTION USING SPLINE BASIS FUNCTIONS

® STATIC TWO-DIMENSIONAL STRETCHED MEMBRANE EQUATION

1 3 du 3 {E du) _
~Fw@ﬂ‘ﬁtfﬁ’f

IDENTIFY E(r, 0, v)

M N
o(ry e v) = X ;;1 a;(r) wg 00) g5 (0)

2
m:n }E lulr s 80 v) = u (rp, 8]
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A complete closed-loop parameter adaptive control system has been simulated.
The system uses an output error formulation to identify parameters for a second-order

ARMA model for each excited mode.
mode, and the modal control forces are converted to actuator forces.

time histories in the figure

Linear control gains are then calculated for each
The first two
below si.cw modal amplitudes for the first two modes.

The output of the parameter identifier is shown in the next four time histories.

These show rapid convergence

to correct parameters. The control is initiated shortly

after completion of the identification, and results are as desired.

SIMULATION oF PARAMETER ADAPTIVE CONTRO
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As communications between countries continue to grow, so does the need for
increasingly complex satellice systems. To meet that need, the Internationail
Telecommunications 3atellite Organizaiion (INTELSAT) signed a contract with Hughes
Aircraft Company for the most sophisticated commercial communications satellite pro-
gram ever nndertaken. This contract is the largest of its kind in history.

INTELSAT, an organization of 106 shareholding countrie., supplies o more than
150 countries the capacity to send cnd receive telephone calls, telegraphs, i.ad
television programming. The system presently carries more than 60 percent of the
world's overseas traffic and almost all international t~levision via a flcec of
satellites operating in synchronous ortit 2,300 miles abuve Earth.

A team of top iaternationai electronics and aerospace firms will join in design-
ing and buildirq the next gensration Intelsat VI. These firms are Briiish Aerospace
in England, Spar Aerospace Lid. and COMDEV in Canada, Thompson-CSF in France,
Selenia in Italy, Nippon Electric in Japan, and MBB and AEG-Telefunken in Germany.

The Intelsat VI spacecraft will carry 33,000 circuits, the equivaleut of 33,000
two-way telephone calls, as well as four television channels. This increased capa-
city doubles the service of the current Intelsat spacecraft. The satellite's
growth capability car expand international service to 100,000 circuits. Each satel-
lite will have 50 transponders operating over the C- and K-band portions of the fre-
quency spectrumn. The transponders will be interconnectable using either static
switch matrices or a network which provides satellite-switched time division multiple
access (SS/TDMA) capability, a major new technology s=oonsored by INTELSAT. This
interconnection provides channel-to-chennel connection flexibility.

In order to achieve the communications capacity just described, extensive fre-
quency sp~~trum reuse is required tacough the use of spatial and polarization isola-
tion among the various antenna beam coverages. As will be desciibrd in this presen-
tation, the performance requirements placed ou the Intelsat VI antenna syscem will
make it the largest and most complex commercia’ antenna system built to date. (See
Figs. 1 and 2.)
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DIAMETER
36m (12 fr)
HEIGHT
DEPLOYED
11.7m (39 ft)
HEIGHT STOWED
5.3m (175 ft)
WEIGHT
1781 kg
{3918 Ib)

Figure 1

INTELSAT VI ACTUAL SIZE RENDERING
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INTELSAT VI SPACECRAFT OvERVIEW OF POOR QUA

Intelsat VI will be a combination of two satellite designs currently in
production at Hughes: 1) the HS 376 extended power spacecraft which in just five
years has become the world's standard for providing domestic communications service,
and 2) the HS 381 widebody satellite designed to exploit the potential of the Space
Shuttle orbiter as a launch vehicle.

The Intelsat VT spacecraft is a spin-stabilized configuration. Its basic bus
is derived from the dual spin technology developed at Hughes in the early 1970's and
used for Intelsat IV, Intelsat IVA, and Comstar. This technology is used today on
29 of the 37 revenue-bearing satellites in orbit, and has demonstrated over 200 sat-
ellite years of successful service,

Intelsat VI is basically a larger and more powerful version of the HS 376 domes-
tic satellite. It incorporates the dual solar panel concept which allows the HS 376
to generate twice the power of earlier spinners. During launch, the cuter panel is
placed over the inner array and main body of the satellite like a telescope. Once in
orbit, the outer array is deployed downward, to expose the upper panel. The deploy-
able solar panel gives the spinning configuration great potential for growth.

Other features of the HS 376 design are also incorporated in Intelsat VI. The
communications payload is placed on a stationary cylindrical shelf and heat is
rejected radially, similar to the HS 376 design. This arrangement also was chosen
to facilitate communication capacity growth for Intelsat VI. The system dynamics
and attitude stabilization are similar to the HS 376, as are the spacecraft structural
concepts. (See Fig. 3.)

A number of important design features have been taken from the HS 381 widebody
satellite program. The "Frisbee" ejection concept provides a simple, reliable tech-
nique for releasing the spacecraft from the Space Shuttle. A spring and latch
mechanism gives an upward motion to the spacecraft. As the spacecraft leaves the
orbiter bay, this ejection provides a slow spin for gyroscopic stability. The
perigee boost into transfer orbit 1is then provided by a simple solid rocket motor
controlled by an onboard timer. Other features of these widebody satellites found
in Intelsat VI include a liquid bipropellant propulsion subsystem, nickel-hydrogen
batteries, and microprocessor control of the command, telemetry, and despin functions.

The Intelsat VI spacecraft is nearly 39 feet (11.8 meters) tall in orbit. It is
dominated by the large hemi/zone C-band antenna system. The transmit reflector alone
measures over 10 feet (3.2 meters) in diameter. The antennas are mounted on the
large sheif which also holds the communications equipment. This shelf and Cue
antennas are despun and point constantly to Earth. The antennas will maintain a
pointing accuracy within 0.1 degree at all times. For satellite stabilization, the
lower portion of the satellite spins at 30 rpm. The spinning section holds most of
the supporting subsystems, including the solar panels, batteries, and propulsion tanks.

The Intelsat VI spacecraft can be launched on either an Ariane 4 or the Space
Shuttle with equal efficiency. Its launch configuration is 17.5 feet (5.3 meters)
tall and its dry weight 1is 3918 pounds (1777 kg). Diameter of the satellite is
nearly 12 feet (3.6 meters).
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INTELSAT Vi
SPACECRAFT OVERVIEW

q L/u
INTELSAT VI

Figure 3

HS 381
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The required communications antenna coverages for Intelsat VI are summarized
in Figure 4. At C-band (6 GHz satellite receive, 4 GHz satellite transmit) 3 dif-
ferent types of coverages are required. The 3 coverages are: 1) four spatially
isolated zone beams which must be reconfigured for each of the 3 ocean service
regions, 2) spatially isolated east and west hemispheric coverage, and 3) global
coverage. The closest angular beam-to-beam separation between the spatially isolated
beams is 2.08 degrees for the zone beams and 2.80 degrees for the hemispheric.

At K-band (14 GHz satellite receive, 11 GHz satellite tr.nsmit) a 3.04° x 1.64°
elliptical spot beam and 1.54° diameter circular spot beam are required. The two
spot beams must be steerable over the Earth's disc and are isolated from each other
by both spatial and polarization isolation.

6/4 GHz COVERAGES

ZONE
ATLANTIC INDIAN PACIFIC
HEMI GLOBAL
STEERABLE

SPOT

Figure 4
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The number, types and carrier-to-interferer (C/I) isolation levels required
among the various antenna coverages are illustrated in Figure 5. A six-fold frequency
reuse occurs between the 6/4 GHz hemi and zone coverages. For a particular ocean
region, the four zone beams which are of the same sense of circular polarization are
spatially isolated from each other resulting in four reuses. The two hemi beams are
spatially isolated from each other but are oppositely polarized from the zone beams.
Hence the polarization isolation between the hemi and zone beams results in two
additional frequency reuses yielding the total of 6 reuses. The spatial and polari-
zation levels required between the hemi and zones is either 27 or 30 dB depending
upon beam-to-beam separation and/or overlap.

The 6/4 GHz global coverage beams operate in a different part of the 6/4 GHz fre-
quency band from the hemi/zone coverages. In the global channels two-fold reuse is
obtained by polarization isolation. The required polarization isolation requirement
is specified in terms of meeting a voltage axial ratio of 1.09 volts for the two
circularly poiarized global coverage beams.

The 14/11 GHz steerable spot beams are linearly polarized. The polarization of
the east spot beam is orthogonal to that of the west spot in both the 14 and 11 GHz
coverages. Since the two beams are spatially separated, two frequency reuses are
obtained by both spatial and polarization isolation. The C/I isolation values
required vary between 25 to 33 dB depending upon the beam-to-beam separation of the
two spots.

6/4 GHz HEMI ZONE 6/4 GHz GLOBAL 14/11 GHz SPOTS

6 REUSES REUSES 2 REUSES
C/l: 270R30dB  C/I: VOLTAGE AXIAL C/1: 25 TO 33 dB
RATIO OF < 1.09 DEPENDING ON
SEPARATION
Figure 5
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The 14/11 GHz receive/transmit east and west steerable spot beam antennas
consist of two separate offset reflectors, each fed by a single dual-polarized/dual-
frequency feed horn. Except for the method chosen for beam steering, the antennas
are identical in design to thnse used on the Intelsat V spacecraft (Fig. 6).

The west spot beam antenna has an offset parabolic reflector with a projected
aperture diameter of 1.12 meters, a focal length of 1,12 meters, and an offset
height of 0.06 meter. The east spot beam antenna has an offset reflector which is
quasi-parabolic in that its surface is shaped to achieve optimum performance for the
elliptical coverage beam. It has a projected aperture diameter of 1.0 meter, a
focal length of 1.0 meter, and an offset height of 0.04 meter.

The reflector and feed horn of each antenna are rigidly connected together via a
graphite support structure. The entire antenna including the support structure is
then connected to an antenna positioning mechanism which is used for both beam
steering and deployment from the stowed position. This method of steering the beam
by moving the reflector and feed horn together has the advantage of incurring no
scan loss as the spot beams are moved through their required steering ranges. The
two spot beam antennas are mounted directly onto the despun shelf in front of the
receive and transmit hemi/zone feed networks.

The spot beam reflectors will be designed and manufactured by British Aerospace.
The feed horn and support structure design and manufacture and the overall antenna

testing will be performed by Selenia.

e SPECS IDENTICAL TO INTELSATV
USE EXISTING INTELSAT V REFLECTOR AND FEED HORN DESIGN
¢ INTELSAT V DESIGN
WEST SPOT — CIRCULAR FARABOLIC REFLECTOR
EAST SPOT — CIRCULAR QUASI-PARABOLIC REFLECTOR
CORRUGATED DUAL FREQUENCY FEED HORN

NEW SUPPORT STRUCTURE TO TIE REFLECTOR AND FEED
TOGETHER

® SUBCONTRACT SUPPORT
BAE — REFLECTOR

SELENIA — SUPPORT STRUCTURE
FEED HORN
OVERALL INTEGRATION AND TESTING

Figure 6
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The Intelsat VI hemi/zone antennas must provide high performance hemispheric
and zone coverage beams which allow frequency reuse via both spatial and polarization
isolation and exhibit a high degree of structural and thermal stability. The impor-
tant design considerations are summarized in Figure 7.

The basic antenna design parameters are determined by the above noted require-
ments as well as by the need to minimize antenna weight. Antenna geometry, including
the reflector diameter, focal length, and offset, is determined by the need for
spatial isolation between the zone beams. Choice of a 3.2 meter aperture diameter
for transmit is based on the worst case spacing between zoues 1 and 3 in the Indian
Ocean region (IOR) and has been shown by analysis and experiment to provide adequate
margin over the requirements. However, since the technique used to achieve low
sidelobes is not sufficiently broadband to accommodate both the receive and transmit
frequencies, separate receive and transmit hemi/zone antennas are required. Given
this arrangement, a proper choice of the number and dimensions of the feeds and opti-
mization of the amplitude and phase excitations provide the appropriate beam shaping.
A high degree of crosspolarization isolation is obtained by the use of multimode
Potter feed horns. The hemispheric and zone coverages are orthogonally and circularly
polarized for both transmit and receive. Both hemispheric and zone coverages are
achieved with one antenna by employing dual polarized feed horns.

Reconfigurability of the zone beams for the three ocean regions is obtained by
providing an independently optimized squareax (square coaxial) feed distribution
network for each region with switching provided by a group of newly developed
squareax switches driven by a common mechanism. An additional squareax layer
provides the hemispheric coverages.

The stringent spatial and crosspolarization isolation requirements for the
hemi/zone antennas require the appropriate placement of all antennas on the antenna
farm. Computer studies were performed to determine the correct placement of the
transmit and receive hemi/zone antennas, and the scattering interactions have been
reduced to a negligible level.

The design consideration of obtaining a compact, lightweight, and thermally
stable feed network is provided by utilizing the Hughes developed TEM squareax line
technology. The feed network will be constructed of aluminum to ensure that the
amplitude and phase excitations will remain within the necessary bounds to maintain
high performance shaped main beams and spatial carrier-to-interference (C/I) ratio
performance.

To ensure that the communications antenna subsystem maintains pointing alignment
while on station, a structuraily and thermally stable antenna structure is provided
by using graphite for construction of the reflectors and the ancenna support struc-
ture. Further reduction of thermal gradients on the antenna struciure is achieved
by placing thermal blankets around the feed networks, support structure, and feed
horns.

A two-axis antenna positioning mechanism is provided on both the transmit
and receive reflectors. The mechanisms are used to remove initial prelaunch/launch
deployment beam pointing errors, and in a backup mode they are used to continually
remove dynamic and thermally induced spacecraft pointing error through a beacon
tracker system,
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DESIGN CONSIDERATIONS

DESIGN CONSIDERATIONS

® PROVIDE HIGH PERFORMANCE
SHAPED BEAMS

®PRCVIDE SPATIAL ISOLATION
BETWEEN BEAMS

®PROVIDE CROSSPOLARIZATION
ISOLATION

o PROVIDE THREE OCEAN
RECONFIGURABILITY FOR
ZONES

o MINIMIZE SCATTERING
INTERACTIONS BETWEEN
ANTENNAS

e MINIMIZE NUMBER OF
REFLECTORS

® PROVIDE LIGHTWEIGHT
DESIGN WITH THERMAL
STABILITY

¢ ALLOW CORRECTION
OF POINTING ERRORS

752

APPROACH

SELECT APPROPRIATE FEED HORN
DIMENSION AND SPACING

USE COMPUTER OPTIMIZATION OF
AMPLITUDE AND PHASE
EXCITATIONS

SELECT OPTIMUM SIZE FOR
REFLECTORS TO PROVIDE
ADEQUATE C/I WHILE MINIMIZING
WEIGHT

USE MULTIMODE, DUAL
POLARIZED FEED HORNS

USE INDEPENDENT FEED
DISTRIBUTION NETWORK FCR
EACH REGION, SELECTED BY
SQUAREAX SWITCHES

PROVIDE ANGULAR OFFSET BETWEEN TRANSMIT
AND RECEIVE REFLECTORS

PLACE SPOT ANTENNAS IN FRONT OF HEMI/ZONE
FEEDS

USE CONTINGUOUS MULTIPLEXING TO ALLOW
SINGLE MODE DESIGN

COMBINE HEMI/ZONE COVERAGE ANTENNAS
USING DUAL POLARIZED FEED3

USE GRAPHITE REFLECTORS AND SUPPORT
STRUCTURE

USE ALUMINUM FOR FEED DISTRIBUTION
NETWORKS

USE THERMAL BLANKETS OVER FEED NETWORKS
AND SUPPORT STRUCTURE

USE TWO-AXIS ANTENNA POSITIONING
MECHANISM FOR REFLECTORS AND CLOSED
LOOP BEACON TRACKING

Figure 7
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HEMI/ZONE AND GLOBAL BEAM IMPLEMENTATIONS

The Intelsat VI communications system requirements are fulfilled through the use
of 11 different antennas: 4 GHz transmit hemi/zone, 6 GHz receive hemi/zcne,
14/11 GHz receive/transmit steerable east spot beam, 14/11 GHz receive/transmit
steerable west spot beam, 4 GHz transmit global, 6 GHz receive global, 11 GHz global
beacon, 6 GHz command bicone, 4 GHz telemetry bicone, and two 4 GHz telemetry on-
station horns. The arrangement of all of these antennas on the spacecraft in both
their stowed and deployed configurations is illustrated in the next figure. This
compact stowed arrangement minimizes the Shuttle bay length required and therefore
minimizes the launch costs,

Both the receive and transmit hemi/zone antennas consist of offset parabolic
reflectors, each fed by an array of 146 dual polarized feed horns (Fig. 8). The trans-
mit reflector antenna has a projected aperture diameter of 3.2 meters, a focal length
of 4.19 meters, and an offset height (distance from the bottom of the reflector to
the focal axis) of 1.68 meters. The symmetry axis of the transmit antenna is rotated
45° from the spacecraft spin axis. The receive antenna is a scaled version of the
transmit antenna. It has a projected aperture diameter of 2.0 meters, a focal length
of 2.62 meters, and an offset height of 1.05 meters. The symmetry axis of the receive
antenna 1s rotated 45° also from the spacecraft spin axis but in the direction away
from the transmit antenna.

Two dielectrically loaded dual mode horns, based on a proven design used on the
Intelsat IV-A spacecraft, are used for the 6/4 GHz global coverages. Each antenna is
fed by a polarizer and orthomode~tee combination. All of the global antennas as well
as the telemetry horns will be mounted on a common steerable support structure which
in turn 1s mounted directly to the despu. shelf. This design provides +2.0° azimuth
steering to repoint the global antennas when azimuth bias is used for the hemi/zone
antennas.

HEMI/ZONE COVERAGES

® USE OFFSET PARABOLIC REFLECTOR WITH 146 FEEDS
o COMBINE HEMI/ZONE FUNCTIONS USING DUAL POLARIZED FEEDS

— TRANSMIT HEMI/ZONE ANTENNA
-- RECEIVE HEMI/ZONE ANTENNA

o SEPARATE FEED NETWORK FOR EACH ZONE AND HEMI
COVERAGES

GLOBAL
® USE DIELECTRICALLY LOADED DUAL MODE HORN

Figure 8

753



ORIGINAL. PAGE IS
OF POOR QUALITY
ANTENNA FARM CONFIGURATION

Figure 9 illustrates the entire Intelsat VI antenna farm layout in both the
deployed and stowed configuration. As can be seen from this figure, the two hemi/

A e s oo

zone antennas dominate the spacecraft configuration.

HEMI/ZONE

TRANSMIT nrﬂ.ecron \

\

_4_HEMI/ZONE
" TRECEIVE
HEMI/ZONE ~— REFLECTOR
TRANSMIT [N || HEMI/ZONE
FEED \| RECEIVE
N \N’EE;’ WEST
NN\ R4
N ! ~ ANTENNA

1/ S W)
¥ A{ Iy

EARTH
EAST COVERAGE
SPOT ANTENNA
ANTENNA
A) STOWED B) DEPLOYED
Figure 9
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¢ ANTENNA FARM DIMENSIONS

Relevant dimensions of the deployed antenna farm are illustrated in Figure 10.

3 %
i
32m 2m RECEIVE HEMI/ZONME .
o TRANSMIT HEMI/ZONE REFLECTOR 1.12m K BAND
o : REFLECTOR \ WEST SPOT
: RECEIVE FEED
NETWORK
8270 |

\ 5494
_L 6157

11623
1m K BAND,
EAST SPOT
. GLOBAL AND
;{,’{i% '\ TAC HORNS
DRUM Q o o ‘;\\ PRIMARY RADIATOR
N\
| 8 _Y_} EXTENDABLE
M SOLAR DRUM
263
SINE VIEW FRONT VIEW (FROM EARTH) DIMENSIONS IN mm

Figure 10
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TRANSMIT FEELC ARRAY CONFIGURATION

The feed array configurations used for the hemi and the Atlantic, Indian, and

Pacific Ocean zones are illustrated in Figure 1l. The horns designated as shared
horns are used in more than two zone beams simultaneously. Ninety-two switches
are required to reconfigure to the transmit zone coverages.
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The hemi/zone antennas provide oppositely polarized hemispheric and zone beams
by simultaneously exciting both polarizations in the feed horn array. The feed horun
array is fed by four separate feed networks. One f¢ '‘d network is for the hemispheric
beams and is used in all three ocean regions. The remaining three networks are used
to form the Atlantic, Indian and Pacific zone beams. All four feed networks utilize
Hughes developed TEM line squareax technology. An additional squareax layer con-
taining electromechanical switches 1is used to select the appropriate squareax zone
beam feed network for a particular ocean region. The four squareax networks and
the switching layer are stacked to obtain a highly compact feed network assembly,
as shown in Figure 12. The hemispheric beam feed network and the zone network
selected by the switch layer are connected to the four probe polarizers, wh:ch gene-
rate the two oppositely polarized circular polarizations.

POTTER
_FEED HORN
FOUR-PRCBE
.~ POLARIZER
comvections —LF T — eV
(COAXIAL)-_ S+ HEMI NETWORK INPUT
AOR NETWORK TIF - ZOKE
- I0R NETWORK 1 T INPUT
A T .

- 1

. o )

N |
/ ¥ = L—h
TYPICAL SWITCH /

{

N

INPUT SWITCN
SWITCH DRIVE SWITCH DRIVE
INSTALLATION MECHANISM PLATE
Figure 12
187
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HEMI/ZONE ANTENNA FEED HORN DESIL °

The feed horn design utilized for the Intelsat VI hemi/zone beam 2nt. .nas is a
dual mode circular horn or Potter horn [1] which uses the fundameatal TE1; mode and a
T™)) higher order mode. With the proper amplitude and phase combination be ' 4zen the
two modes at the horn aperture, equalized E and H plane far field patterns are
obtained. Consequently, this horn design is capable of providing tetter polarization
puri -~ (i.e., lower axial ratio) when circularly polarized. The dual mode circular
hor.. design inherently requires the use of a large aperture to support both modes.
When a multihorn feed cluster is formed to provide a shaped beam, the larger horn
aperture contributes to less mutual coupling between the horns, a fact that has
been experimentally observed at Hughes aid elsewhere. [2] Less mutual ccupling means
less degradation fn ax.al ratio in the far fields and better agreement betwe=u the
theoretically predicted and the measured far field antenna patterns.

Figure 13 illustrates the relative overall dimensisns of transmi. and receive
dual mode fred horns. The ex.  ation of “he Td)| mode is prcvided by the final
step discontinuity. The iength of the horn from the step disccatinuity to the horn
aperture is adjusted to provide the correct phase relationship between the two wmodes.
Electrical breadboard testing has shown that the correct TM)) aaplitude excitation
and phasing between the TE)) »ud TM)) modes can be achieve’ over the requiced
11.5 percent transmit and 7.5 percent receive bandwidths.

The feed ho.ns will consist of a one piece, thin-wa'l aluminum coritruction.
The entire horn will be machined to a nominal wall thickness 57 0.51 am (0.020 in)
except in the flange area. It ic felt that this approach hac resul:ed in a ds;{px.l 1~
combination of enliar. 2a production, repeatable quality and minimum weight that is
superisr to that offered by otnrr fabrication techniques.

- MODE GENERATING

STEP e
_T.

- - - 12.7 em
e DUAL MODE “POTTER” HORN l |

TRANSMIT

¢ GOOD CROSSPOLARIZATION
PERFORMANCE

|

RECEIVE
—

prow

¢ LESSMUTUAL COUPLING
IN ARRAY ENVIRONMENT

fe——17.7 em-——]

Pigure 13
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FOUR-PROBE POLARIZER ORIGINAL o+
OF PCOR QuaLiry
A circular polarization generating circuit has been designed which permits
each feed horn to simultaneously excite both senses of circular polarization with
high polarization purity. This design ircorporates a four-probe circular waveguide
launcher whose opposite por.s are driven by three-port 3 dB tees which in turn are

fed by a 3 dB quadrature hybrid. An electrical circuit diagram and side view of the
four-probe launching circuit are shown in Figure 14.

To generate each sense of circular polarization the four probes must be excited
equally in amplitrde and with the correct phase progression. This is accomplished
by a sqguareax ne.work which has two inputs and four outputs as shown schematically.
The two inputs of the natwork are connected to the hemispheric and zone TEM squareax
network. and the ;our outputs are attached to the four orthogonal launching probes.
The 3 d% hybrid and 3 dB tees generate the four equal amplitude excitations from
the twu 'nput ports. The correct phase progression of the four probes is obtained by
the 90° phase shift of the quadrature hybrid and bty proper design of the squareax
electrical line lengths to th- four probes. Opposite phase progressions are obtained
among the probes depending upon which of the two Iaput ports is accessed. Thus

ciicular polarizations of opposite sense are generated for the hemispheric and zone
coverage beams.

The four-probe polarizers will be fabricated in aluminum using 4-axis machining.
In 4-axis machining, an additional rotational axis is used along with the standard
three translational axes in order to perform a circumferential machining operating.

FFEED HORN

2 01 PROBES

a ‘ 3PORT TEES WRAPPED
3 AROUND WAVEGUIDE

3dB HYBRID

B D 42
"ZON¢ ) ~}=— HEMI SQUAREAX

HEMI ~ _}=— ZONE SQUAREAX

PATH AB = PATH CD
PATH 1A = 180° LONGER THAN PATH 3A

PATH 2D = 180° LONGER THAN PATH 4D
PATH 3A = PATH 4D

Figure 14
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NETWORK IMPLEMENTATION OF POOR QuALITY

The feed networks for the transmit and receive hemispheric and zone antennas
use the TEM square coaxial (squareax) transmission line technology which was developed
by Hughes for Intelsat IV-A and is used extensively on current ongoing Hughes C-band
programs. This transmission line combines the layout design features of conventional
etched circuit stripline with the performance features of waveguide microwave networks.
The squareax transmission line provides a low loss, broadband power division network
with switching capabilities in a physically compact, lightweight package.

The TEM squareax transmission line is a shielded coaxial line consisting of a
square outer conductor and a square center conductor and is supported by Teflon
standoffs sppropriately spaced throughout the circuit. The transmision line has a
characteristic impedance of 50 ohms. The squareax networks utilize hybrid directional
couplers for power division, transitions to conventional waveguide for power entry
and exit, internal termination loads, and electromechanically operated switches for
switching the feed horns to the appropriate zone feed network. A typical squareax
layout is shown in Figure 15.

Extensive use of CAD/CAM (Computer Aided Design/Computer Aided Manufacturing)
facilities has been made in the electrical and mechanical design layouts of the
squareax networks. Upon satisfactory completion of the design, the CAD/CAM system
generates an output file which is directly compatible with certain numerically con-
trolled milling machines. Transferring the network data to the machines in this
manner saves considerable programming time and reduc-=s errors,

The squareax networks will be fabricated out of sluminum as are the feed horns
and four probe polarizers.

SQUARE COAXIAL TRANSMISSION LINE

® SQUARE OUTER CONDUCTOR

}SQUAREAX
® SQUARE INNER CONDUCTOR

CHARACTERISTICS

o LOWLOSS

¢ BROAD BAND

¢ THERMALLY STABLE
® COMPACT

PACIFIC OCEAN
ZONE 3

Figure 15
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SQUAREAX SWITCH OF Poor QUALITY

As illustrated in Figure 16, the squareax switch is a aingle pole, triple throw
device., Three stationary squareax lines are angularly spaced 120° apart to form the
input lines. A rotating squareax center conductor at the center of the device
selects the appropriate input line, Capacitive coupling allows power to be coupled
between the input and output lines. High isolation between ports and low input
VSWR are maintained over the required frequency bands.

Movement of the squareax switch center conductor is achieved by a crank shaft
which ia connected to it and protrudes out of the bottom of the squareax network.
All the switch crank shafts are connected to a common orbiting plate. A single

redundant mechanism moves the orbiting plate in a circular motion thus turning all
the crank shafts in unison.

The individual zone beam switches are designed as independent pruassambled
and pretested modules. This module approach ensures meeting the high rate of switch
production required by the oveiall apacecraft teat and delivery program.

TO 4PROBE

POR ZONE POLARIZER

INPUT

ACR ZONE
INPUT

Figure 16
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STOWED ANTENNA CONFIGURATION OF POOR QUALITY

The Intelsat VI stowed configuration is shown in Figure 17. Note that the
stowed spot antennas and global horn clusters have been omitted for clarity.

The large hemi/zone reflectors stow horizontally, back-to-back with the transmit
reflecting surface facing away from the spacecraft. Three point support for each
of the reflectors is provided by the primary boom structures and by a shared monopod,
bipod, and tripod. The monopod supports both reflectors directly. An interconnecting
bracket atop the monopod provides an axial and shear tie between reflectors. The
bipod supports both receive reflector and transmit boom near the top of the boom
structure. The third support for the transmit reflector is provided by the tripod
structure which supports the omni antenna mast. The third support for this receive
reflector is provided by its own boom assembly. The omni telemetry and command stow
directly over the transmit reflector/boom interface. The spot beam antennas end global
cluster (not shown) slew inwarc and stow within the envelope of the extendable solar
drum.

[ OMNI TRANSMIT REFLECTOR |
{ ANTENNA RECEIVE REFL }

\

TRANSMIT
FEED\

Figure 17
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OF POOR QuALITY
DEPLOYED CONFIGURATION

The deployed spacecraft configuration is illustrated in Figure 18. The antenna
supports consist primarily of tubular ultra high modulus graphite structures which
tie the various antenna components directl’ to hard points on the payload equipment
shelf. The deployed hemi/zone reflectors are supported off their back 2dges by booms.
Tripod structures tie the lower ends of the booms to the equipment shelf. Hinge
mechanisms in the booms (2 transmit, 1 receive) enable compact stowage within the

launch vehicle envelope. Beam pointing can ve adjusted by positioner mechanisms
located at the reflector/boom interfaces.

The hemi/zone feed networks are supported by tubular structure, the transmit
network at five locations, the receive network at four. The 14/11 GHz spot antennas

and global horn cluster are supported on individual tripod structures. Both east and
west spot antennas are steerable to provide full Earth coverage.

OMNI

TRANSMIT

RECEIVE

EAST SPOT GLOBAL HORNS
WEST SPOT

Figure 18
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ANTENNA DEPLOYMENT SEQUENCE OF POOR QUALITY

Deployment of the Intelsat VI antenna is illustrated in Figure 19. After
separation from the launch vehicle, the telemetry and command antenna (omni) is
erected to a position above the spacecraft (A). The spacecraft remains in this con-
figuration until reaching its final orbit location. The outer solar drum is then
extended, and the communications payload is despun (B). Next, the omni compietes
its deployment by rotating to a position above and behind the spacecraft (C). Deploy-
ment of the C-band reflectors is accomplished in three motions (D, E and F). The
transmit reflector is first rotated to a position overhanging the forward side of
the spacecraft. The receive reflector and boom assembly then rotates to its oper-
ational position above and behind the spacecraft. In a similar motion, the trans-
mit reflector and boom assembly rotates to its operational position. Finally, the
global horn cluster and two K-band spot antennas slew eastward to complete the
system deployment (G).

\

v , i
‘ OMNI DEPLOYED
TO TRANSFER FIGURATION
ORBIT POSITION conFia
(A)
SOLAR DRUM
OMN! ANTENNA un‘::!o
ROTATED INTO
FINAL POSITION
()
TRANSMIT REFLECTOR
ROTATED INTO
INTERMEDIATE POSITION
' (D)
~
.s \ N\
. «L ! . /
L o \
\ \ﬂ’ . \
o Q'L‘(’ \e«
RECEIVE
REFLECTOR
ROTATED INTO
OPERATIONAL SPOT BEAM AND GLORAL
POBITION ANTENNAS DEPLOYED
(€) TRANSMIT REFLECTOR TO GPERATIONAL

POSITION

L]
ROTATED INTO @)

OPERATIONAL
POSITION
(F)

Figure 19
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APPLICATION OF MMIC MODULES IN MULTIPLE SCANNING SPOT BEAM ANTENNAS

Two-phased array-fed dual-reflector antenna configuraticn studies ~re currently
under way in contractual efforts by COMSAT Laboratories and the Harris Corporation.
The studies are the first part of a program to develop 20-GHz multiple scanning spot
beam and multiple fixed spot beam array-fod antenna systems having monolithic micro-
wave integrated circuit (MMIC) modules in each radiating element of the feed array.
This work is done in support of NASA's Advanced Configuration Satellite Base R&T
Program.

One of the promising scanning spot beam antemne configurestions will have a
12-ft (nominal) diameter parabolic main reflector, a confocal parabolic subreflector,
and a feed system having three space-fed active (lens) arrays. Each array, which
may have 177 to 2000 elements, illuminates the reflector system and develops a very
narrow scanning spot beam (0.3°). The subreflector is positioned in the near field
of the array. The narrow spot bears will permit a large volume of TDM and FMD
tratfic between thousands of ground terminals in each of six sectors in the United
States. These terminals will be loc.:ed on the premises of large commercial firms
and their subsidiaries.

Two GaAs 20-MHz modules in each of the elements of each array provide variable
phase shift and vaciable power amplification functions for each of two orthogonally
polarized beams. The variable phase shift functions have five-bit resolution, and
they are used for dynamic phase weighting and are programmed to incrementally
repoint the beam to completely cover all parts of a sector. The variable power
amplification function, which has five levels of gain, 1s used for dynamic amplitude
weighting to reduce sidelobe level. The combination of low sidelobes and orthogonal
polarization will provide excellent isolation between adjacent sectors (30 dBi).

The configuration described herein is one of four antenna system configurations
developed in each contract using a variety of MMIC module arrangements and optical
systems. A parametric analysis is expected to produce a data base for the selection
of design points for a variety of applications. Soon to be accomplished is the
design concept of the active (lens) array, which will take into consideration such
factors as, for example, coupling effects, the space-fed power divider network
design, input bias and control layout, investigation of thermal distribution, and
analysis of module failure (graceful degradation).

[P
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TRANSMIT MODULE

MULTIPLE FIXED
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SYSTEM
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APPLICATION OF MMIC MODULES IN MULTIPLE FIXED SPOT BEAM ANTENNAS

One of the promising multiple spot beam antenna configurations will have a
12-ft (nominal) diameter parabolic main reflector, a hyperbolic subreflector, and
a feed system having 10 to 18 clusters on a curved focal surface. Each cluster,
which may have 7 to 19 elements, {lluminates the reflector system and develops a
very narrow fixed spot beam (0.3°). 1Its position o.a the curved surface determines
the pointing angle. The narrow spot beams will permit large volume traffic between
single ground terminals located at a carrier's facility in each of 10 to 18 major
communications centers ir the United States, with minimum KP power requirements.

GaAs 20-GHz MMIC modules in the elements of each cluster provide variable
phase shift and amplification functions. The phase and amplitude of each element
are weighted to provide low sidelobes. The combination of low sidelobes and ortho-
gonal polarization will provide excellent spatial isolatfon (30 dBi). Control of
the phase and amplitude weighting in space can be used for additional isolation
improvement after launch.

The configuration described horein is one of four antenna system configurations
developed in each contract using a variety of MMIC module arrangements «nd optical
systems. A parametric analysis is expected to produce a data base for the selection
of design points for a variety of applications. Soon to be accomplished is the
design concept of the clusters, which will take into consideration such factors as,
for example, coupling effects, beam forming network design, input bias and control,
investigation of thermal distribution, and analysis of module failure (graceful
degradation). Follow-on work is planned for a contractual effort to design and
fabricate an experimental antenna system and for in-house testing and evaluation
of the system to the proof-of-feasibility level.
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T

4 2+ sl ef o

T T T
TYPICAL 3 dB BEAM CONTOUR
| NN |

APPROXIMATELY 304

ety

BEAM POSITIONS REQUIRED

TO"FILL” EQUIVALENT CONUS COVERAGE (FOR ANY

SPECIFIC LONGITUDE, NOT ALL BEAMS REQUIRED)
i A 1 1 1 1 4
3 2 ) 0 ] 2 3 4
AZWUTH (DEG)
ANTENNA SYSTEM REQUIREMENTS
REQUIREMENT BASELINE
FieLp oF View 13,5°E-W, 11.5°N-S SAME
MAIN APERTURE 9-14 fv 12,5 e
FREQUENCY RANGE 17.7-20.2 GHz SaMe
BANDWIDTH 500 MHz SAME
CompoNENT BW (3 DB) 0.4°-0.25° 0.27°
TotaL No. ofF Beams 180-450 30u
(6 AT ANY ONE TIME)

ON-Ax1s Peak Gain (N = 0.6) 52.5-56.5 pBI 55.5 pB1
MinNimum Gatn FOV 50-54 pB1 53 pB1

(2.5-pB scan 1oss)
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ANTENNA GAIN (WORST CASE) 53 pB1 (BASELINE)

REQUIRED E.I1.R.P, 67-75 pBW

RAD:ATED Power/BEAM 25-158 W/Beam

TotaL RADIATED Power 125-950 W

OBJECTIVE: GIVEN THESE REQUIREMENTS, COMPARED CONVENT IONAL
VS DISTRIBUTED AMPLIFIER APPROACH.

CONVENTIONAL (FOCAL REGION FED) APPROACH

Pout
l> o] BFN | Prod

n= 35 o—
|l

Xcg

- L ;.{

<

E.I.R.P. GAIN 'raad/BERAM ., n Pout/BEAM  nhc/BEAM  TOTAL § EFF.
67 DBY 53 dBi 25 W 4dp .35 63 W 180 W 13.9%
7 53 80 : .35 200 W 270 W 13.9%
75 53 158 P .35 WOW 1140 W 13.9%

*L includes all output network, BFN, and antenna losses. Total ¢ eff.
depends on n and L.

774




DISTRIBUTED AMPLIFIER (PHASED ARRAY FED) APPROACH

BEAM PHASED ARRAY)
PRFIMOD
o
- -
o~ -{> BFN PRAD NXP
na 35 e ————r)
PORIVE T U
e - LOW LEVEL (>cm,.1
REQUIREMENTS
RETH {dRi)  (watts) (watta) (L Y) {satte) (watte)
P 1.8, 1. GAIN PFRAD/BEAN PRF/NOD MOD. EFF. (ELEM PDG/NOD .
(3 &1 28 .8 1% 590 3.3 110
n 53 80 .5 1% 160 1) 180
I L3 158 ) 15 le 3.2 1078
sinclides RE Ditve to BEN (Driver Bfficiency ¢ 1%},
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/
//
/
OFFSET CASIEQRAIN
RERLECTOR SYSTEM
[ §
1
e H
MAM {| POWEK ARG
©o—{ DIVIDING st
NETWORK LI5S
LA
MMIC
MOOULEY
ANTENNA
QUSTIF
V)]
CONRIGUAATION T
=MULTILE BEAMS (18)

«32.67 dBW/BCAM (E.LA.P)

TOTAL \ BFF.

<VARIABLE GAIN (.3 W MAX QUTAUT, § LIVILS) MMIC
«~ONE FEED QLUSTER FOR EACH BEAM
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MMIC MCOULE

OMT
9-WAY 9. WAY
COMBINER CCMBINER
D T
MMIC .os sea] [ MMIC
MCZULE MODULE
L-.. TO VERT POL ‘____. 10 HCRIZ POL
S f BEAMS =) BEAMS
|oeaconse 11l NPORTSTO ........ll
ANTENNA ELEMENTS
POWER CIVIDING POWER DIVIDING
NETWCRK NETWORK
UNE LENGTHS IN PON3
ADJUSTED 7O OBTAIN
DESIRED BEAM DIRECTION
SEAM 1 BEAM 2
CONRGUAATION D1
~MULTIPLE BEAMS (18)

=352:62 d8W/BEAM (E.L.A.D.)
=CONSTANT GAIN (.2 W MAX QUTPUT) AND 3-B1T PHASE-SHIFTER
(FOR TRIMMING) MMIC

OFFSET CONFOCAL PARABOLOID
GREGORIAN SYSTEM

4 ‘i .'2—-1-

B

CLUSTER

BEAM 1 OF k
HORNS

: K

: K

BEAM N MMIC MODULES <

k

SPACE-FED

RS ACTIVE LENS

CONFIGURATION ¢
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MMIC MODULES OF POOR QuALITY
COMBINER COMBINER
g lj‘ MMIC MODULES
BEAM 5 BEAM 6
DEAM 3 BEAM 4
Jleoeconens N PORTS FOR i seensosnel]
LL. ANTENNA ELEMENTS .
POWER DIVIDING POWER DIVIDING
NETWORK NETWORK
BEAM 1 BEAM 2
CONRGURATION €
-SIX SCANNING BEAMS
~67-75 dBW/BEAM (ELA.P)

=VARIABLE GAIN/VARIABLE PHASE MMIC (.5 W MAX OUTPUT, § LEVELY/S BT
AND VARIABLE GAIN MMIC (.3 W MAX QUTPUT, 5 LEVELS)

MYPERBOLCID,

1\

[}
[}
4
o
ey
\

Y 2
0‘,/(: I\wu:«c! LOC\ATCN

Fp = 140x; Fy = 4005 b = 1005 R = 60X; H = 1202; y = 10°

f=12GHz; A =2.5cm ¢ = 2R =300 ¢em; A =H+R= 180\ = 450 ¢m
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SCAN PERFORMANCE OF CONFOCAL PARABOLOID - F/D = 0.5; M = 4
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o DESIGN GOALS FOR MULTIBEAM AND SCANNING BEAM ANTENNA

BEAM CONF IGURATION

ANTENNA SI2€

OPERATION FREQUENCY
RANGE (GHz)

NUMBER OF BEAMS

MINMUM GAIN (dB)

CANOWIOTH (WMz)

POLARIZATION

¢/1 rerromance (¢s)())

POINTING ACCURACY
(OEGREES)

POVER/BEAM (EIRP) oM

-DOWNL 1N
-UPL INK

-OPERATIONAL

-20 G2
=30 M2

-20 GH2
=30 GH2

<€ & W PLANE
POLARIZATION

MULTIBEAM

SHUTTLE COMPATIBLE

17.7-20,2
27.5-30.0

10-18

53
$6

500
500

LINEAR
X

0.02
0.4(2

$2-62

SCANNING BEAM

SHUTTLE COMPATIBLE

12.7-20.2
27.5-%0.0

6 TRANS

53
53

500
$00

LINEAR

0.02
ol‘

67-7%

(1) CARRIER TO INTERFERENCE RATIO FOR EACH BEAM RELATIAVE TO ALL OTHER BEAMS
(2) DEGREES ROTATION FROM REFERENCE (1.E., TRUE SATSLLITE VERTICAL OR HORIZONTAL)
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MMIC MODULE CONCEPT

LARGE NUMBER OF LOW POWFR MODULES - ONE FOR EACH ELEMENT
OF THE ARRAY

- HIGHER RELIABILITY - ELIMINATES SINGLE POINT FAILURES

=  HEAT GENERATION IS DISTRIBUTED OVER LARGER VOLUME

-  STATE-OF -THE-ART MMIC EFFICIENCIES ARE BEGINNING TO
APPROACH TWT EFFICIENCY

FAST SWITCHING OF PHASE SHIFTER AND POWER AMPLIFIER STATES
(10-100 NANOSECONDS)

FAST BEAM SWITCHING FOR TOMA SYSTEMS

POTENTIAL FOR MULTIPLC BEAMS

OYNAMIC BEAM CONTROL

ELININATION OF HIGH SWITCHING CURRENTS
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TOTAL DC INPUT | TOTAL RF
FEED MODULE RF INPUT POWER | NUMBER OF | RF [NPUT POMER ATPUT ARRAY
TYPE TYPE PER ELEMENT ELEMENTS POWER* REQUIRED PONER EIRP** EFFICICNCY
CORPORATE VPS-VPA 10 mW W KA | 254.9 W 32.715 68.15 dBW 11.397%
SPACE VPS-VPA 10 mi 177 a5 254.9 W 32.715 W 68.15 dBW 11.083%
CORPORATE VPS-CGA-VPA 0.125 mW 7 45.2 v ; 260.7 W 2.5 M 68.15 dBwW 12.545%
SPACE VPS-CGA-VPA 0.125 mW 177 56.0 MW | 260.7 W 32.75 W 68.15 dBwW 12.541%
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* INCLUDES FEED LOSSES
** INCLUDING 53 dB8 REFLECTOR GAIN

ARRAY EFFICIENCY » REOUPYT - RE_INPUT

MONOLITRIC MODULE TRANSITION AND MOUNTING CONFIGURATION
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SCANNING BEAM SPACE FED PHASED ARRAY
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SUMMARY AN  JONCLUSIONS

SCANNING BEAM ANTENNA CONCEPTUAL OESIGN

SUMMARY

e AEAR-FIELD OPTICS NECESSARY TO OBTAIN EIRP

o SPACE FED LENS OFFERS IMPORTANT ADVANTAGES OVER CORPORATE FED BFN

o PRELIMINARY TMERMAL /PACKAGING ANALYSIS INDICATES THAT UP
TO TWO SCANNING SECTORS CAN BE ACCOMMODATED IN ONE ARRAY LENS

o SHAPED TRI-FOCAL OPTICS IMPORTANT FOR 6 SECTOR SCANNING BEAM
COVERAGE

e MMIC MODULES SPECIFIED WAVE SUFFICIENT QUANTIZATION OF PHASE; FINER
QUANTIZATION OF AMPLITUDE IS WIGHMLY DESIRABLE
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MULTIPLE BEAM ANTENNA SYSTEMS ]

$ - 34

FEED PLANE VS OPTIMUM FOCAL SURFACE

(tor  viEw)
HYPERBOLOIDAL )
SUBREFLECTOR ___L.
M F/D - 0.652 1
7 10,81 p- 10,05 |
e !
1
*T' F/p = 1,003 {
\‘/ B2 \
—.‘ F/l‘ = 1,356
2152 —|
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GAIN LOSS VS F/D RATIO IN AN OFFSET CASSEGRAIN ANTENNA - FEED OFFSET ALONG

THE “FOCAL PLANE™ CORRESPONDING TO EIGHT BEAMWIDTHS SCAN
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GAIN LOSS VS F/D RATIO IN AN OFFSET CASSEGRAIN ANTENNA - FEED OFFSET .ALONG

THE OPTIMUM *FOCAL SURFACE" CORRESPONDING TO EIGHT BEAMWIDTHS SCAN

-

1.8

.8
p

<6t

-7 d8; i i :
-14 dB\
5T R \ ............................ . T

4

GRIN LOSS (DB)

8.0t

- SOOI O

9.652 1.003 1.356 1.710
F/D

791



Lo

ORIGINAL PAGE 18
OF POOR QUALITY

TYPICAL CLUSYER DESIGN

o WASHINGTON - NEW YORK - BOSTON

o WORST CASE C/I PERFORMANCE

o EACH CITY BEAM GENERATED BY 7-ELEMENT FEED CLUSTER

e OVERLAPPING FEEDS REQUIRED

o ELEMENT WEIGHTS DETERMINED BY CONJUGATE MATCHING
TECHNIQUE

FEED CLUSTER LAYOUT

WASHINGTON, D.C.
(NORIZONTAL POLARIZATION)

NEW YORK
(VERTICAL POLARIZATION)

7~~~ BOSTON
(HORIZONTAL POLANIZATION)
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»

FLEVATION
(D€Q)

7 N\
20 0.7

NEW YORK

STUDY OBJECTIVES

o DEVELOP SPACEBORNE MULTIBEAM AND SCANNING BEAM PHASED
ARRAY FEED DESIGN APPROACHES

o PARAMETRIC STUDY OF DUAL OFFSET REFLECTOR SYSTEMS
CONF IGURED FOR MULTIPLE FIXED/SCANNING BEAMS

o INTEGRATION OF SOLID STATE AMPLIFIERS AND PHASE SHIFTERS
INTO THE ARRAY DESIGN
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CITY BEAM PERFORMANCE

clry (AZ, EL) LOCATION C/I RATIO  PEAK GAIN CROSS-POL EIRP
WASHINGTON (0.65°, 0.1°) 33.9 @8 54.8 ¢8 -42.1 d8 54,0 BN
NCW YORK (0.95°, 0.25°) 44.3 48 54.8 @8 -41.7 ¢8 54,0 dBW
BOSTON (1.2°, 0.45%) 31.7 d8 54.9 68 -37.9 d8 53.9 dBW

DYNAMIC BEA: CONTROL

e C/1 PERFORMANCE AT BOSTON IS 31.7 dB

o DOMINANT INTERFERENCE IS WASHINGTON SIDELOBE LEVELS

o RE-OPTIMIZE WASHINGTON BEAM AT NEW ! OCATIONS
RESULTING IN SMALL AMOUNTS OF SCAN WITHOUT
SIGNIFICANT DEGREDATION IN BEAM PERFORMANCE

o  NEW WEIGHTS ARE ACHIEVED USING A COMBINATION OF
POMER DIVIDERS AND MMIC MODULES

o NOW LIMITED BY DISCRETE LEVELS OF GAIN AVAILABLE
WITH THE VPA MOOULE
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COMPUTED WASHINGTON BEAM PERFORMANCE FOR THREE SETS OF ELEMENT EXCITATIONS

r ! C/1 RATIO  GAIN AT

‘ WEIGHT LOCATION (AZ, EL) AT BOSTON  WASHINGTON  CROSS-POL EIRP

. ORIGINAL (0.65, 0.1) 31.7 8 54.8 d8 -42.1 ¢8 53.9 dBW
B (0.7, 0.0) 36.0 dB 53.0 d8 -42.0 ¢8 55.5 dBN

SUMMARY AND CONCLUSIONS

MULTIPLE FIXED BEAM ANTENNA CONCEPTUAL DESIGN
SUMMARY
o USING TWO REFLECTOR ANTENNAS, OFFSET CASSEGRAIN OPTICS IS

SUFFICIENT; TO USE ONE REFLECTOR WILL REQUIRE HIGHLY CONTOURED
ARRAY STRUCTURE OR SHAPED SUBREFLECTOR

e LIMITED DYNAMIC BEAM CONTROL IS FEASIBLE USING CONVENTIONAL
BFN AND SEPARATE MMIC MODULES ( IMPROVED C/I RATIO)

e IMPROVED DYNAMIC BEAM CONTROL IS POSSIBLE WITH FINER
AMPLITUDE QUANTIZATION

e BEAM-TO-BEAM ISOLATION IS ACHIEVABLE WITH POLARIZATION
DIVERSITY AND SPATIAL SEPARATION ALONE
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The proposed multimission configuration aims to reduce the number of reflectors
present on the spacecraft and their related supporting structure (masts, booms) and at
the same t‘me divide the feed system from the reflector system for possible main-
tenance and/or payload substitution. This implies:

o An antenna systems that is split into two parts:
(1) the reflector with the platform
(2) the feed subsystem with the payload
o Reuse of the same reflector at different frequencies (to achieve this,
the reflector system will use additional components, i.e., frequency-
sensitive subreflectors (FSS))
0 In case of in-orbit refurbishment or maintenance, the reflector system
may remain in orbit with the platform
0 The presence of the FSS allows separation of the focal position suffi-
ciently for the multiple-contoured beam applications required by future
missions

There are two of these reflectors (one for TX function, one for RV deployed)
on the east and west sides of the spacecraft, and the solar panels are on the north
and south sides. The payloads are aligned along the yaw axis. Apart from the <ize,
this configuration looks 1ike a conventional spacecraft.

REFLECTOAS

MULTIMISSION SPACE SEGMENT
ARTISTIC VIEW

798
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The mission advantages are listad below. Additionally, the reuse of the
same reflector gives a better reliability and a simpler orbit control syster

OR'qup
0 L Page

F POOR Quay iy
- REDUCING THE TOTAL MASS IN ORBIT

- MAXIMISING THE PAYLOAD DENSITY

- .EDUCING SERVICING FLIGHTS TO THE MINIMUM NUMBER

- REDUCTION CF BOOM NUMBER

- MINIMUM LOSS CONFIGURATION (WAVEGUIDE RUN OPTIMISED)

MISSION ADVANTAGES
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The two reflectors have four subreflectors with frequency-sensitive elements
on each of them. except for the last one (for one band), which is solid. Each
subreflector is reflectiny at its own frequency and is transparent to the other
three. Tne subreflectors cause a split of the relative feed position. In this
way a feed system for each frequency can be designed with the maximum freedom in
the allowed space. The space shown here is compatible within European coverage
(59). The figure shows a side view of the spacecraft with four different pay-
loads {ore TX and one RY).

'k DICHROIC (Ts)
N susrerLEcToRs

AR

S00M ro\mw EARTH

YlANSMIOlIOﬂ

: PAYLOAD
8/C BODY c ‘x&_ LI Ry
SUPPORTING
200M / RECEIVING

—
FROM EARTH
Rv OISH //
/f
Y/
4 DICHROIC (Av)
SUBREFLECTORS

MULTIMISSION SPACE SEGMENT
SCHEMATIC CONFIGURATION
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The characteristics of the antenna systems are summarized in the figure.

VERY LARGE UNFURLABLE (OR INFLATABLE) PEFLECTOR

A NUMBER OF RIGID DICHROIC SUBREFLECTCRS IN AN OPTIMUM CONFIGURATION
FOR MULTIPLE / CONTOURED BEAM USE

DIFFERENT PAYLOADS POSITIONED IN THEIR OWN FOCAL REGION
ANTENNA POINTING MECHANISM FOR EACH SUBREFLECTOR POSSIBLE

ARIANE COMPATIBILITY OF THE REFLECTOR SUBSYSTEM

ANTENNA SYSTEM CHARACTERISTICS
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The figure shows a blowup of the reflector system with the different sub-
reflectors. This configuration is a stable-reflector folded configuration for
each frequency band, and has two advantages, a large equivalent F/D and small
equivalent offest angles. These imply small beam distortions. (See figure on
following page.) The small equivalent offset angle is obtained by folding the
configuration in such a way that the feed principal ray (i.e., the normal to the
feed aperture) is as close as possible to the trace of the focal plane on the
pla—~2 of symmetry. (The best case is when it is parallel. Separate control of
the beam directioms is possible by moving each subreflector separately.)

The frequency-selective surfaces have a bandwidth larger than 20% depending
on the incident angle on the surface. The corresponding loss may go from 0.2 dB
(first subreflector) to 0.4 dB (last subreflectorg. The area between two con-
secutive foci may be shared between two different frequencies.

PRIM. r.CUS
—7
- .

DICHROIC SUBREFLECTORS

\L N\t:::>>BEAMS DIRECTION

\ \\QX ARY_F
1

L.BAND FEEDS C.BAND X.BAND X.BAND

SUBREFLECTOR SECONDPARY FOCII
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EOGE TAPER=-308
F10 = FOCAL DISTANCE/DIAMETER RATIO
90 = OFFSET EQUIVALENT ANGLE

GAIN LOSS {(dB)

___EI_EFB 0.:1-_9 .
FD=z2 90:22!

143 15" SIDEL
-5{‘. 2 FID=2 9s:225¢

FO=z3 Bez15°

-10 e+ e e e
0
1>TSIDELOBE = -¥8.90B 3% SIDELOBE =-308d8
I T e T T T
9% 348
BEAM DEGRADATION VS BEAM OFFSET
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It is 1ikely that different frequencies will require different reflector
diameters. A possible way to get this result is to use only a part of the sub-
reflector (i.e., make it frequency sensitive). In this way it is possible to select
orly a part of the main reflector. Because the subreflector part of the reflector

system cannot be changed in orbit from payload to payload, the reflector reduction .
shall not be at the lower 1imit and some optimization of the 3 dB beamwidth shall be

performed at the feed level.
Advantages of such an approach are:

o F/D increase (better performances)
0 Use of the control part of the reflector (less distortions)

A clear disadvantaye is the increase (inversely proportional) of the feed
dimensions.

T e —

/ FEED CLUSTER N
/ FOR REDUCED DIAM. |

\
SUBREFLECTOR REFLECTING ZONE / FEED CLUSTER\ ~
== (FOR 20GHz) \ FOR FULL DIAM. )
g /

\ EQUIVALENT FULL

v, .

MAIN REFLECTOR REFLECTOR
!

Y
N

/ \\ e
. e ‘ SECONDARY FOC 1

¢ ¢ X K BAND
MAIN REFLECTOR OPTIMISATION FOR EACH FREQUENCY BAND ( SHOWN 20GHz2) THROUGH AN
INDEPENDENT REDUCTION OF THE REFLECTOR AREA OF EACH SUBREFLECTOR
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The next two figures show the secondary and primary patterns of the full-size

and reduced-size reflector.
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TYPICAL PATTERN A7 20 GH2
FULL REFLECTOR AND REDUCED SUBREFLECTOR

REOUCED S12€ AMEALECTOR PATTRAM AT 20 00

FULL REFLECTOR PATTERN AT R0 &2
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FEED ILLUMINATION OF THE DICHROIC SUBREFLECTOR
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The proposed configuration is compatible with the Ariane 4 fairing, as shown
in the figure.

SUBREFLECTORS

SUPPORTING
STRUCTURES

WRAP
RIBBED
ANTENNAS

$/C BODY

®

\W

REFLECTORS & SUBREFLECTORS FOLDED
TO FIT THE ARIANE IX ENVELOPE
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For the antenna subsystem (except for the spacecraft definftion) there are three
main points of investigation:

o Reflector design for a large frequency range (surface roughness,
tolerances, etc.)

o Multidichroic subreflector performance (mutual effects, spurious
resonances, etc.)

o Mechanism subsystem (independent pointing mechanism for the subreflectors,
reflector pointing and depioyment, supporting mast, etc.)

ORIGINAL pacy '3
OF POOR QUALITY
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LARGE SPACE ANTENNA COMMUNICATIONS SYSTEMS -
INTEGRATED LaRC/JPL TECHNOLOGY DEVELOPMENT ACTIVITIES
I. INTRODUCTION

Thomas G. Campbell
NASA Langley Research Center
Hampton, Virginia

Large Space Antenna Systems Technology - 1982
NASA Langley Research Center
November 30 - Decemier 3, 1982
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INTRODUCTION

The Jet Propulsion Laboratory and the Langley Research Center have been
developing technology related to large space antennas (LSA) during the past
several years. The hardwar: development activities were initiated during the
Large Space System Technology (LSST) Prcgram in 1978 and are now being continued
by OAST through concept verification stages. During these concept development
activities the structural aspects of the reflector configuration have been
emphasized, but, due to furding constraints, feed system technology could not
be addressed. Now, through the Communication System (R/T) Program of OAST, the
problems associated with the feed systems that could be used with the LSA
reflectors are now being investigated. Since the elements of the reflecto:
program are directed by JPL and LaRC, an integrated feed development program
has been initiated. This program will be synergistic with the reflector
development and the electrumagnetic research activities under way at JPL and
LaRC.

|GINAL PAGE 1S
g: POOR QUALITY
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OBJECTIVES FOR THE INTEGRATED TECHNOLOGY DEVELOPMENT PLAN

The need for a communication system research program became apparent during
the recent studies for the Land Mobile Satellite System (LMSS). This study
indicated thke need for additional research in (1) electromagnetic analysis
methods, (2) design and development of multiple beam feed systems, and (3) the
measurement methods for LSA reflectors. The objectives of the integrated
technology development program are listed below.

RECENT COMMUNICATIONS SYSTEMS
STUDIES FOR LMSS HAVE DEMONSTRATED

THE FOLLOWING NEEDS:

e VERIFIED E/M ANALYSIS METHODS FOR LARGE MESH
DEPLOYABLE REFLECTORS

o TECHNOLOGY DEVELOPMENT OF MULTIPLE BEAM FEED SYSTEMS
SUITABLE FOR L 8 A APPLICATIONS

@ EVALUATE MEASUREMENT TECHNIQUES FOR LARGE
DEPLOYABLE REFLECTORS

QMENRL FICE I8
@F FRIODR QUALTY
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SPACECRAFT CONFIGURATIONS FOR THE LAND MOBILE SATELLITE SYSTEM (LMSS)

The recent LMSS studies at .JFL and LaRC have identified two spacecraft con-
figurations for the multiple beam missiuns. The JPL appioach is to use a single
55-meter offset reflector and a feed system composed of overlepping feed cluster
elements for the transmit and receive RF functions. The LaRC configuration is a
larger symmetrical space frame structure that contains four 55-meter offset sub-
apertures. The overall diamzter is 122 meters. This epproach is proposed in an
effort to ease the packaging constraint imposed on the feed system by using
additional apertures. The beams would then be interleaved from the espective
apertures in providing the CONUS coverage required. Therefore, each LMSS con-
figuration has different structural and radio frequency techrological problems
that will be addresgsed through the integrated program.

S

ChIGINAL paqe IS

OF POOR QuaLiTy
812



T s o U

CR'GiMNAL PAGE IS
OF POOR QUALITY
COMMUNICATIONS SYSTEMS TECHNOLOGY DEVELOPMENT PLAN

The technology development plan for the integrated communications systems
program at JPL and LaRC is shown below. The major thrusts of the program are
listed on the left-hand culumn of the plan and the major mileetones for each
thrust are scheduled as shown. The separate JPL and LaRC tasks are incegrated
through the development and testing of the 15-meter hoop/column deploysile
antenna model. This reflector model is being developed by the Harris Corpora-
tion under contract to Langley. The l5-meter model will provide a test bed tor
evaluating the IMSS feed system configuration that will be developed by JPL and
Langley. 1In addiijon, the l5-meter model will serve as a verification model for
the reflector analysis codes that are being modified and improved to include the
characteristics of mesh reflector surfaces. The 15-meter antenna system will be
tested in a planar near-field facility.

MAJOR THbs:1T8 FY82 £ves EYad EYeS

1. DEVELOPMENT AND
Ve ueATION

81 BCTROMAGNE TIC

ANALY SIS MEBTHODS

anaL e
Y P{ venwiCavig

Ggu aNaLY
8. MESK MATEMIALD L SEVELOPNE

ANALYSIS/BVALUATION

CLVETED ¥EA
TEED BEVGN

Mo | T

BON-QVERLAPPNG
CLEATER BE N
FOR WA TIPS APERTVAG

813

o —— @9 anmmai

" - —

e - Mt Wit

et men dmin



mar m mears g

ORIGINAL PAGE 1S
15-METER MODEL OF POOR QUALITY

An artist's rendering of the l5-meter antenna mcdel is shown below. The
15-maeter model will be deployed and the multiple beam teed panels will bhe
attached to the center column as shown. The RF tests shall be designed by
scaling the 15-meter reflector to the frequency and aperture size required for
the LMSS communications mission. The single and multiple aperture approaches
shall te tested snd evsluated during this program.
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LARGE SPACE ANTENNA COMMUNICATIONS SYSTEMS -
INTEGRATED LaRC/JPL TECHNOLOGY DEVELOPMENT ACTIVITIES
IT. LaRC ACTIVITIES

T. G. Campbell, M. C. Bailey, C. R. Cock:ell,
and F. B, Beck
NASA Langley Research Center
Hampton, Virginia

Large Space Antenna Systems Technolegy -~ 1982
NASA Langley Research Center
November 30 - December 3, 1982
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ELECTROMAGNETIC ANALYSIS ACTIVITIES AT THE LANGLEY RESEARCH CENTER

The objective of the electromagnetic analysis activities at the Langley
Research Center is to develop efficient and accurate analytical methods for
predicting both far- and near-field radiation characteristics of large off-
set multiple-beam multiple-aperture mesh reflector antennas.

ORIGINAL PAGE IS
OF POOR QUALITY

816

3 ead heom AR e

.

nt, AR e,

Dl b ol RN Pe—



B Al

B i TN

P Y

prﬂ'-‘ e

ORIGINAL PAGE IS
REFLECTOR ANALYTICAL TECHNIQUES OF POOR QuALITY

The Langley Research Center is emphasizing the utilization of aperture
integration (AI) augmented with Geometrical Theory of Diffraction (GTD) in
analyzing the large reflector antenna system. Typically, aperture intagration
is used to compute the main beam and near sidelobes and GTD will be used to
compute the wide~angle sidelobes and backlobes. GTD can also be used to com-
pute the near field radiation characteristics for certain near field aperture
conditions. Reflector rim shapes, such as the segmented hoop of the 15-meter
model, can be analyzed by GTD. The Langley analytical tasks shall be supported

by the Electro Science Laboratory at the Ohio State University. Preliminary
results are presented in reference 1.

¢ Aperture Integration - Aperture Field Method (AI) is used to compute the
main beam and near sidelobes.

o Aperture Integration and Geometrical Theory of Diffraction - GTD coupled

with Al will provide capability to compute wide~angle sidelobes and dack
lobes, as well as main beam.

* Aperture Integration Extended and GTD - Improved accuracy in computing
the radiation pattern is expected if the aperture is extended to include

vertex diffraction. AIE~CGTD will be required when Al and GTD solutions
have no common region of validity.

817



CALCULATED FAR FIELD PATTERN USING APERTURE INTEGRATION
AND GEOMETRICAL THEORY OF DIFFRACTION

An example for the field radiation pattern calculatioms for tapecred
i{1lumination and non-offset reflector using AI and GTD is shown below. The
differences, especially in the sidelobes, can be noted. These particular
results were obtained from Ohio State University (ref. 1) and they exemplify
the need for AIE and GID in order to obtain the complete 360-degree coverage
about the antenna. The analysis methods developed will be evaluated using
sub-scale engineering models for RF verification.

ORIGINAL PAGE 19
OF POOR QUALITY

[From ref. 1]
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ANALYTICAL AND EXPERIMENTAL RESULTS USING THE 35-GHz TEST MODEL

Preliminary analytical results are compared with the measured results f-r
the 35-GHz antenna model (precision surface - no pillows) in the figures below.
The principal plane patterns are shown. It can be seen that good agreement was
obtained for the H-plane (symmetric plane) pattern cut, but poor agreement was
observed for the E-plane. These results are being investigated and further
tests and analysis are under way. These results emphasize the need for experi-
mental testing coupled with each reflector analysis activity.

MEASURED AND CALCULATED PATTERNS FOR 35 GHZ MODEL

{14 DB FEED TAPER)
0r
o Q_C.UT_

_ -lop
g — MEASURED
§ — == CALCULATED (A1)
w 20F e Y
: ORIGINAL
3 OF POOR QUALITY
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MEASURED AND CALCULATED E-PLANE PATTERNS FOR 35 GHZ MODEL
(14 DB FEED TAPER)
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—— MEASURED
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820

ek T W A W e o

W BT T T L S e T oS, L AL Rk

[P

G duy b R o s A, el . LT3 ANES .



N o e,
o RO RS v

RF VERIFICATION MODEL (D), = 150)

A larger RF verification model has been fabricated and is shown below. This
model consists of 2.6-m-radius reflectors with the capability of testing two
adjacent reflectors simultaneously. This RF verification model operates at
15 GHz and is the largest aperture that co: ld be tested on the far field range
available for testing. In fact, a (D2/)) range condition existed using this
aperture that required defocusing the feed in order to achieve the far field
pattern.

ORIGINAL PAGE IS
OF POOR QUALITY
FABRICATION OF

PRECISION RF PRI
VERIFICATION MODEL |

» ASSEMBLED
/ - i ANTENNA TEST
“Ban b v " «: MODEL
A MOLD WITH 0.08 mm -
(0.002 IN.) RMS ACCURACY
IS USED TO BUILD
FIBERGLASS
FACE SKINS

FACE SKINS ARE
ASSEMBLED TO :
RIGID u“cmxw e ADJUSTMENT Scnews

8TRUC _ BETWEEN FACE SKINS AND
BACKUP STRUCTURE PROVIDE
A REFLECTOR ACCURACY OF
0.2 mm (0.008 IN.) RMS
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ANALYTICAL AND EXPERIMENTAL RESULTS - 150\ MODEL
The measured and calculated radiation patterns for the RF verification

model (15 GHz) are shown below. Al was used to compute the pattern and further
improvements in analysis and experimental modeling are expected.

MEASURED AND CALCULATED PATTERNS FOR RADIO FREQUENCY VERIFICATION

MODEL (14 DB FEED TAPER)
or
Z ——— MEASURED @ cuT
S job ==~ CALCULATED (A1) _— -
&
3
w ~20F
>
—
! 77\ \
-7~ L 22X,
3 2 - 0 [ 2 3
ANGLE (DEGREES)
INAL PAGE 1S
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MULTIPLE BEAM FEED DESIGN

Microstrip antenna design techniques will be used in developing the proof-
oi-concept LMSS feed configuration scaled to the 15-meter (6.09-meter sub-
aperture) test model. Extensive research in microstrip antenna techniques
have been conducted at Langley, and these analysis methods will be used for
the LMSS feed design using multiple apertures. The analytical capability
for predicting the radiated field, impedance, and mutual impedance charac-
teristics of microstrip elements has been developed.

MICROSTRiP ANTENNA ANALYSIS

(vector potential )

A
(radiated field) E= Kk
(impedance ) V4
(mutual impedance) Zz= ff £ J,

Analysis of Electromagnetics Problem

or o
1. Derive G by solving boundary value problem with impulse current.
2. Express J in series with appropriate expansion functions.
3. Solve for cosfficients of J by matrix methods.
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RADIATION PATTERN OF MICROSTRIP ANTENNA

An example of the accuracy of the microstrip analysis methods for ptedicting
the radiation patterns {8 shown below. A rectangular microstrip, 1ine fed
antenna was used.

0 0 asure
E 30 - = = Calculated
~10dB
0 0

90 -

h 1
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IMPEDANCE OF MICROSTRIP ANTENNA

An example of the accuracy of the micreostrip analysis methods for pre-
dicting the impedance is shown below. A rectangular element configuration was

used. Good agreement has been obtained for the matched impedance (50 ohms) as
well.

o—@ calculated
O==<O Mmeasured
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INTER-ELEMENT COUPLING OF MICROSTRIP ANTENNAS

Analysis methods for calculating the inter-element coupling of rectzngular
elements have been developed for the E- and H-planes., The analysis is being
developed for circular microstrip elements. The coupling effect mist be
included in any microstrip cluster feed concept.

I URIGINAL PAGE IS @ ® -c '9"'Sl:::d
OF POOR QUALITY == Lalcu
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MEASURED AND CALCULATED RADIATION PATTERNS FOR A
7-ELEMENT MICROSTRIP FEED CLUSTER

A 7-2lement microstrip feed cluster has been considered in producing a
single spot beam for the LMSS.

7-element feed (3-GHz scale frequency) has been analyzed.
elements were used and the measured and calculated patterns are shown below.
The effects of mutual coupling were considered as the radiation patterns were

e calculated with coupling effects neglected and then included as indicated

¢ The primary effect for the care considered weas on the sidelobe level.

In fact, mutual coupling for this example lowered the side levels by about 2 dB.

w -

ORIGINAL PAGE IS
OF POOR QUALITY

Therefore, an engineering model of such a
Circular microstrip

— Measured
- = = (alculated

Coupling effects included
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OF POOR QUALITY
FEED CLUSTER DESIGNS WITH AMPLITUDE TAPERING

In the use of offset reflectors for communication and/or radiometric
applications, different reflector illumination functions will probably be
required. In the RF verification tests that have been under way with the
35-GHz and 15-GHz test models, two feed illuminations were used: 6 dB and
14 dB edge tapers. Therefore, microstrip feed clusters that would provide
the 6 dB and 14 dB reflector edge illuminations were modeled at 3 GHz. A
hexagonal element pattern was selected that would facilitate packaging a
multiple beam configuration. The numbers of elements required for the 6 dB
and 14 dB illuminations are 19 and 37, respectively. The amplitude distri-
bution for each hexagonal ring of elements is indicated below for each

cluster configuration.

reflector illumination

reflector illumination

1.0 1.0
Y 03 - 00000
0.3 0.5
o e 0.2 0000
0.60) e
I 0.65|
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, OF POOR QUALITY
PHOTOGRAPH OF 7-ELEMENT CONFIGURATION

A photograph of the 7-element microstrip cluster design is shown below.
A Teflon fiberglass laminate (€ = 2.4) was used. Circular microstrip elements
were fed by coaxial probes and then combined using coaxial transmission lines
and power dividers. A single probe feed was used on each element as linear

polarization was produced.
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JF POOR QUALITY
TECHNOLOGY DELIVERABLES

The technology deliverables expected from this Integrated Technology
Development Program (JPL/LaRC) are listed below. The results should prove to
be significant in assessing the readiness of deployable antenna technology
for future multiple beam missions.

QO VERIFIED INTEGRATED FEED/REFLECTOR ANALYSIS
METHODS FOR MULTIPLE BEAM ANTENNAS
o EVALUATED THROUGH SUB-SCALE MODELING AND
15 M ANTENNA R F TESTS

QO MICROSTRIP MULTIPLE BEAM FEED SYSTEM DESIGN /
DEVELOPMENT (OVER-LAPPING CLUSTER AND
NON-OVERLAPPING CLUSTERS)

O NEWMESH ANALYTICAL MODELS

O VERIFIED MEASUREMENT METHODS 76.° ' ARGE APER TURE,
MULTIPLE BEAM ANTENNAS
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NEAR FIELD TESTS USING THE 15-METER ANTENNA MODEL

A significant milestone in this Integrated Technology Development Program
(JPL/LaRC) will be the RF testing of the 15-meter model in a near field facility.

The Near Field

investigated and adjudged suitable for such tests.

reference 3.

shown below (ref. 4).

Testing Laboratory (NFTL) at Martin-Marietta-Denver has been
The NFTL is discussed in

The test configuration with the l15-meter model in the NFTL {is
It is anticipated that after the RF tests verifying mesh

reflector surface characteristics have been completed, then the JPL and LaRC

feed engineering models will be tested.

These results should prove to be sig-

nificant as the performance capabilities of mesh deployable antenna systems
will be evaluated.

[From ref. 4]

PROBES
‘lﬂ_ﬂ A A A
T T
- HARRIS CORP IS CURRENTLY
DEVELOPING HOOP/COLUMN
DEPLOYABLE ANTENNA FOR LaRC
'J',‘//;" \\\
et 27N - 15-m MODEL OF 100-m CONCEPT
27277 THNNIRN CAN BE ACCOMMODATED BY
A LV SNSNS NFTL FOR TESTING UP TO 18 GHz
\._ f; 1[ o /4-',
N
\
s RF
+
o ABSORBER
+
4 ft 25— k-2
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LARGE SPACI ANTENNA COMMUNICATIONS SYSTEMS -
INTEGRATED LaRC/JPL TECHNOLOGY DEVELOPMENT ACTIVITIES
III. JPL ACTIVITIES

K. E. Woo, Y. Rahmat-Samii, and W. Imbriale
Jet Propulsion Laboratory
Pasadena, California

Large Space Antenna Systems Technology -~ 1982
NASA Langley Regearch Center
November 30 - December 3, 1982
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OVERVIEW OF POOR QUALI.Y

This paper describes the portion of JPL antenna R/D work that is performed co-
operatively with Langley Research Center in support of the demonstration and evalua-
tion of the 15-m unfurlable antenna. Figure 1 presents the activities that will
be performed during FY 83 and FY 84.

® DEVELOP OVERLAPPING CLUSTER-OF-ELEMENTS MULTIPLE-BEAM FEED FOR
LaRC 15-M UNFURLABLE ANTENNA

® MODIFY AND/OR VERIFY EXISTING JPL SCATTERING PROGRAMS NECESSARY FOR
EVALUATING RF PERFORMANCE OF THE 15-M ANTENNA, INCLUDING:

® PIE-SHAPED REFLECTORS
® SURFACE DISTORTIONS DUE TO THERMAL EFFECTS
e SURFACE DISTORTIONS DUE TO PILLOWING EFFECTS
® MESH REFLECTORS
e EVALUATE SUITABILITY OF USING EXISTING JPL PLANE-POLAR NEAR-FIELD

MEASUREMENT CAPABILITY FOR DESIGN VERIFICATION AND ACCEPTANCE
TESTING OF LARGE OFFSET ANTENNAS

Figure 1
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ORIGINAL PAGE 19
OVERLAPPING FEED CONCEPT OF POOR QUALITY

The basic way to generate multiple beams is to place the feed for each beam at
the focal plane of a reflector system as shown in Figure 2(a). For adjacent beams to
have a high cross-over level, their feeds must be close together. For beams to have
low sidelobes, the aperture of each feed must be large so as to illuminate the re-
flector with high edge taper. When both low sidelobe and high cross-over are needed,
as in the case of LMSS, it is necessary for the feed apertures to overlap. Such
overlapping is physically impossible if single feeds are used, as shown in Figure 2(b).
The overlapping can be achieved, however, if the aperture of each feed is made up of
a number of subapertures or elements, as shown in Figure 2(c). In this case, each
aperture is composed of a cluster of 7 elements with 4 common elements serving both
feed apertures to produce both beams. For LMSS applications, the use of 7-element
clusters provides sufficient flexibility to meet sidelobe and cross-over requirements.

REFLECTOR

FOCAL PLANE

N
FEED 2
(a)
TWQ OVERLAPPING SINGLE FEEDS TWO OVERLAPPING 7-ELEMENT CLUSTER FEEDS
(PHYSICALLY IMPOSSIBLE) (FOUR COMMON ELEMENTS)
(b)
Figure 2
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OVERLAPPING CLUSTER FEED DESIGN FOR 15-m ANTENNA

For the 15-m antenna, a circularly polarized overlapping cluster feed is to be
developed to iliuminate one quadrant of the antenna. Two alternatives are under
consideration. One design is to produce 8 beams by using 21 elements, simulating a
section of the feed for the 7-frequency reuse caz- of 1LMSS, as shown in Figure 3(a).
The numerals 1 to 7 denote the center elements of seven 7-elemen. :lusters for
producing seven far-field beams (from the reflector) at seven different frequencies.
The cluster with center element 1 on the right is to produce an eighth beam operating
at the same frequency as the beam produced by the cluster with center element 1 on
the left. The presence of two beams of same frequency enables the study of inter-
beam isolation characteristics of the design and the verification of existing com-
puter prcgrams for isolation calculations. The other design, as shown in Figure 3(b), ‘
is to produce 5 beams by using 16 elements, simulating a section of the feed for the
4-frequency reuse case of LMSS. Dual polarization is needcd in this design in order
to satisfy the LMSS isolation requirement.

For relative ease of deployment for future applications, microstrip square patch
radiators will be utilized in that they are flat and thin. Each element is to con-
sist of four such radiators, as shown in Figure 3(c).

The frequency of operation of this feed has not yet been selected. It will be
determined jointly with LaRC in order to be compatible with their feed design for
the multiple antenna aperture concept.

* e et

21 ELEMENTS 16 ELEMENTS
8 BEAMS 5 BEAMS
SIMULATING 7-FREQUENCY SIMULATING 4-FREQUENCY :
REUSE CASE OF LMSS REUSE CASE OF LMSS
(a) (b)
Figure 3
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0.9A

b

A CLUSTER OF 7 ELEMENTS PRODUCES ONE BEAM
EACH ELEMENT IS COMPOSED OF 4 MICROSTRIP SQUARE PATCHES

(c)

Figure 3 (Concluded)
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BEAM FORMING NETWORK (BFN) ORIGINAL PAGE IS
OF POOR QUALITY
To form individual beams, a beam forming network is required to divide the power
feeding each beam port of the feed and route it to the cluster of 7 elements associated
with that port. Due to the overlapping requirement, the element connected to each
element port of the feed receives and combines power from as many as 7 beam ports for
many of the elements. A schematic of this network for LMSS applications is shown in
Figure 4(a). A design concept to implement this scheme using present day technology
has been devised. Two microstrip panels are stacked ground to ground, as shown in
Figure 4(b). Curved power dividing circuits are etched on the beam port side, and
similarly curved power coumbining circuits are etched on the element side, as shown
in Figure 4(c). The use of the stacked panels permits direct conmnections through the

panels between appropriate terminals of the power dividing circuits and the power

coabining circuits, avoiding the otherwise severe routing problems of transmission lines.

The use of curved circuits allows the combining of uplink and downlink BFN's on the
same set of panels, thereby reducing the overall weight by half Tha BFN for the
15-m antenna will be developed based on this concept unless the frequency of opera-
tion to be selected does not permit the use of this design.

THANSMISSION LINE AND
FLECTRONICS SIDE

T T Siimn

l l > SPALER
o S,
i I 1 T bowtn e ing s
- ._L.L-___J Jd N
SCHEMATIC FOR OVERLAPPING MICROSTRIP PANEL CONSTRUCTION
7-ELEMENT CLUSTERS
(a) (b)
Figure 4
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Figure 4 (Concluded)
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MICROSTRIY PATCH AND BFN DEVELOPMENTAL ACTIVITIES

A circularly polarized microstrip square patch radiator has been developed at
UHF, as shown in Figure 5(a). The radiator consists of a square metallic patch above
a ground plane with honeycomb substrate in between. The radiator provides not only
the proper radiation characteristics but also the relatively broad bandwidth (7%)
required by LMSS.

A study for determining the loss and coupling characteristics of the proposed
LMSS beam forming network has been performed. By using two UHF microstrip trans-
mission lines as shown in Figure 5(b), and by varying their separatio.., it is con-
cluded that.:

(1) There are no significant losses in the circuits of the BFN

(2) There is no significant coupling between adjacent circuits of tha BFN

. . w
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(b)
Figure 5
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CONCEPTUAL VIEW OF FEED ARRAY FOR 15-m ANTENNA

Figure 6 shows the conceptual view of the LMSS integrated planar feed array.
The feed array for the 15-m antenna will have a similar design except that no
electronics and thermal capabilities will be provided.

ORIGINAL PAGE g
OF POOR QuaLiTY

Figure 6
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DIFFRACTION ANALYSIS OF REFLECTORS OF POOR QUALITY

Demands for accurate and efficient analysis of reflectors have resulted in the
development of advanced computational techniques in vector diffraction methods.
These advanced techniques are particularly useful in parametric studies of multiple
and contour beam satellite antennas which require many computations. Figure 7
describes several of these techniques and identifies their interrelationships as
far as the construction of the far-field pattern is concerned. At JPL, computer
programs based on Physical Optics (PO) and the Geometrical Theory of Diffraction
(GTD) have been developed for analyzing both single and dual offset reflectors
(refs. 1 to 3). Recent methods, such as the application of sampling theorems, are

also being investigated for increasing the efficiencies of the numerical computations

involved.

REFLECTOR GEOMETRY
y 4
FEED DESCRIPTION

T PO = PHYSICAL OPTICS
DIRECT INDIREC AF = APERTURE FIELD
- GO = GEOMETRICAL OPTICS
GO GO AF PO GTD = GEOMETRICAL THEORY
+ /\

GTD OF DIFFRACTION

GO n xH 2an‘

r
FAR A MAIN BEAM R AWAY
SIDELOBES FIRST FEW SIDELOBES SIDELOBES

| ) ] ) )
| i

SAMPLING THEOREM

FAR-FIELD PATTERNS

A

Figure 7
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PHYSICAL OPTICS USING JACOBI-BESSEL EXPANSION

The Thysical Optics (PO) diffraction analysis method has been proven to be a
very accurate and powerful technique for analyzing and predicting the radiation
characteristics of reflectors. Since a two-dimensional integration on a curved
surface must be performed for any specified observation point, the standard inte-
gration algorithms can become very time-consuming when a rejeated evaluation is
needed. A method based on the Jacobi-Bessel expansion has "“een developed and tested
which allows for a very efficient computation of the radiati»n pattern for many
observation points (refs. 1 and 3). This method has many advantages, particularly
for multiple-beam reflector systems. The key feature of the method is that a set of
coefficients, independent of the observation points, can be assigned to any re-
flector/feed configuration and then the radiation pattern can be computed, using

only these coefficients. A block diagram of the steps involved in this procedure
is shown in Figure 8.

REFLECTOR X
SURFACE 072
REFLECTO
INCIDENT ECTOR __
FIELD i -~ A
INDUCED | 1
| CURRENT L > __
J 2n x H '
EXPANSION FEED
O ¢Ml
P, N, M
[ '
JACOBI _| INTEGRATION FOR
POLY. COEFFICIENTS \
X
STORESLYES
? CSTORED
OBSERVATION NO; p nm’ p“nm
ANGLES g g -
y
rﬁ/\% FUNCTION
Figure 8
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SCAN PERFORMANCE OF AN OFFSET REFLECTOR WITH CIRCULAR APERTURE

The performance of a multiple-beam reflector antenna cannot be properly assessed
without detailed information concerning the radiation pattern of each beam. This
includes the gain loss, sidelobe degradations, cross-polarization patterns, boresight
beam location, etc. In particular, detailed knowledge of these parameters is vital
for predicting the carrier/interference (C/I) ratio among the beams, which is a para-
mount factor in the assignment of frequency reuse plans (ref. 4). For example,
Figure 9 shows how the radiation pattern of an offset parabolic reflector with cir-
cular projected aperture of diameter = 100 A and F/Dg = 0.4(F/D=0.96) can become

i

degraded as the feed i1s positioned at different loca
this figure, 6p is an angle which is measured from the central reflected ray for

each position of the feed. For this reflector/feed configuration, the beamwidths &

ons on the focal plane. In

~

0.7°. Notice that, for numbers of beamwidths scanned larger than four, the pattern
For this reason, whenever a large number of beamwidths

scanned is required, offset parabolic reflectors with large F/Dp (>0.7) ratios must
be employed. The results shown in Figure 9 have been obtained using the Jacobi-

is substantially degraded.

Bessel algorithm.

X
0 T T T
0 ol ' 70'
_loi_ Seccssvoce 2 \\ 'l<—96
————y // \\ FEED
—_—— P/ \\\ \\ (-15 dB TAPER)
/
20 —--—10 ,/’ / \\ N FID, = 0.4
/ /,/ -...\ \\ p o
///”/ - .'-.\\\ \ FID =0.96
’ [ ‘,
% _30r" ’\J,/,Q' ":.
/ 1A
K /ll,-'\ /[,:'
A0fN [ ik
S\
=50 3
R b
=60 | 1 | | [
-3 -2 -1 0 1
Gp (deg)
Figure 9
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When the hoop-column antenna configuration is used to generate multiple beams,
the reflector's projected aperture takes a "ple" shape. Neverthelsss, the objective
is to achieve a radiation pattern which resembles a circularly projected aperture
reflector. This may be achieved by using mesh reflectors with variable reflectiv-
ities such that only the portions of the pie which are confined to the circular
aperture contribute to most of the radiation. Although this is conceptually feas~-
ible, it may be very costly. The alternative would be to use a uniform mesh struc-
ture and illuminate the pie shape with feeds having high aperture edge tapers, which
is also necessary to produce low sidelobe levels. To assess the usefulness of this
approach, an experimental setup has been constructed at LallC. This setup consists
of a metallic reflector with a pie-shaped projected aperture, which is illuminated

PIE-SHAPED REFLECTOR

by a feed having approximately ~13 to ~-15 dB edge tapers, as shown in Figure 10. The

dimensions of the reflector, operating at a frequency of f = 35 GHz, are also shown
in the figure.

f =35 CHz

D - 14.29"

2-J2yp (8371
E-PLANE

- F - 20.3" &y - ——L =%
20°
FEED PATTERN

————CASE | LARGE CIRCLE
~———— CASE Il PIE SHAPED
wvveeveen CASE Il INNER CIRCLE

Figure 10
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REFLECTOR PATTERNS OF POOR QUALITY

A numerical simulation of the LaRC ple-shaped reflector/feed configuration has
been initiated using the Jacobi-Bessel diffraction analysis. Although this method
is most efficient for circular-type apertures, nevertheless, satisfactory results
have also been obtained for the pie-shaped configuration. For the sake of simplic-
ity, the feed patterns are modeled as shown in Figure 10. Three cases have been
considered: two circular and one pie-shaped aperture, as shown in Figure 10. The
E- and H-plane patterns of these configurations are shown in Figure 11 in different
columns. The reader can easily compare the patterns and concl’ude that the pie-

PPV

shaped reflector has patterns similar to circular reflectors in the main beam region.

Perhaps

the comparison between the pie and the inner-circle cases would have been

more representative if the feed direction had been tilted toward the center of the

inner-circle case.

ple-shaped reflectors.

Further studies are currently being pursued to compare these
results with the measured data and to arrive at a detailed parametric evaluation of
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OFFSET REFLECTOR WITH SLOWLY VARYING DISTORTION

Both systematic distortions and random irregularities of reflector antenna sur-
faces can cause antenna radiation patterns to be markedly different from those of
perfectly smooth reflector surfaces. How different the patterns are depends on many
factors, such as the distribution, magnitude and shape of the irregularities, re-
flector illumination taper, the F/D ratio, etc. Commonly, the systematic errovs
result from thermal and dynamic effects. Thermal effects are relatively slowly
varying (quasi-static) and are due to the different angles of the Sun's illumination
on the reflector caused by diurnal motions of the satellite. Dynamic effects can
cause rapid variations in the surface and are usually more difficult to analyze. A
computer program has been develcped at JPL for the analysis of slowly varying dis-
tortions. The results of this computer program are now being tested against measured
data. The configuration of the reflector is shown in Figure 12(a). This is a very
accurately machined reflector and its profile deviates from a best-fit parabolic
reflector as shown in the figure. (This reflector was originally constructed for
maximum gain dual offset reflector application.) The measurement setup will use a
corrugated horn as the feed and many far-field pattern cuts will be measured for
different locations of the feed. Preliminary numerical results for both the best-
fit parabola and the distorted surface are shown in Figure 12(b). It is observed that
the patterns become substantially degraded for the distorted reflector of Figure 12(a)
at a frequency of 31.4 GHz.

X4

PROFILE DISTORTION
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Figure 12
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PATTERNS OF UNDISTORTED AND DISTORTED REFLECTORS

BEST-FITPARABOLA DISTORTED REFLECTOR
0 T T ° v T T
] [ )
-10 ¢=0 — -10 -0 —
-20 1 -20 4 = \
o . ] T T T
v 30 JAVIR 8 30 AV
-40 [ 1 \‘ ‘ -40 le v
50 {f 80
80 ~— —t— 60 \
-2.0-1.6-1.2-08.04 0 04081.21.62.0 -2.0-1.6-1.2-08-040 04081.21.820
6 (deg) A(deg)
0 IS T o va T
10 $= 90" -10 \ ®=90 -
-20 I 20 av
o. ) L o . A/ DN
© 30 JANA] I FAY ° 3014 AV
40 {+ A 40
-50 -50
.60 Al -80
-2.0-1.6.1,2-.08-04 0 0.4 0.81.21.6 2.0 -2.0-1.6-1.2-08-040 04068121820
8(deg) 0 (deg)
(b)

Figure 12 (Concluded)
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FAR FIELDS USING PLANE~POLAR NEAR-FIELD TECHNIQUE

It is well known that at least 2D?/) to 5D%/Aof "real estate" is required to
measure the far-field patterns of a reflector with diameter D in the far-field
range. Unfortunately, in many situations such real estate may not be easily ac-
cessible. Also, applications of ever-increasingly fragile antennas necessitate that
a controlled measurement environment be used. Near-field measurement techniques are
available as alternatives, which include plane-rectangular, cylindrical and spheri-
cal techniques. Recently, a new near-field measurement technique, referred to as
the plane-polar measurement technique, has been developed and tested at JPL (ref. 5).
This technique is particularly suitable for high gain antennas, which also are
gravitationally sensitive. The near field of the antenna is measured by a probe
moving in a linear direction while the antenna rotates about its axis. Once the
amplitude and phase of tlie near-field measurements are recorded, they are transformed
via a Jacobi-Bessel expansion to determine the far-field patterns. Figures 13(a) and
13(b) show both the schematic and actual measurement setup. In the JPL facility
antennas up to five meters in diameter have been measured. Figure 13(c) shows the
comparison between the far-field patterns obtained using the plane-polar near-field
technique and those obtained in the far-field range. These are patterns of the
parabolic reflector with 1.5 m (58") diameter measured at X-band (8.415 GHz), as
shown in Figure 13(b). Results of the near-field technique for both co-polar (right
circular) and cross-polar (left circular) fields show excellent agreement with the
actual far-field data. Further tests are needed to assess the applicability of
this technique to multiple~beam offset reflector antennas.

NEAR-FIELD CHAMBER

FEATURES :

® BOTH THE PROBE AND THE ANTENNA ARE GRAVITATIONALLY BETTER BALANCED
PROBE MOVES ONLY IN ONE DIRECTION
ANTENNA ONLY ROTATES (NO DISPLACEMENTS)
ALLGWS LARGER ANTENNAS FOR THE SAME "REAL ESTATE"
ANTENNA ALWAYS POINTS IN THE FIXED DIRECTION
VERY SUITABLE FOR HIGH GAIN ANTENNAS

(a)

Figure 13
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INTRODUCTION

Reflector antennas with mesh surfaces have been used in ground and space
applications primarily for communication systems. The purpose of this short paper
is t~ indicate how the requirements for mesh surface reflectors are different for
microwave radiomztric applications, and to propose a method of measuring the
antiripated small dissipation losses of gold-plated mesh using a radiometer system.

ORIGINAL PACE I
OF POOR QUALITY
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REVIEW OF FUNDAMENTALS QUALITY

The basis geometry used in a spacecraft radiometer system is given in figure 1.
The basic scalar relationships between the antenna temperature and brightness
temperature are given in figure 2.

The brightness temperature is the sum of the emission from the surface with
physical temperature Tg and the reflected sky temperature as received into the
antenna terminals. The temperature observed by the antenna, T,, in its scalar form
is the convolution of the power pattern of the antenna with the brightness tempera-
ture of the total observed scene TB(6,¢). The parameter Tg(8,¢) in this form can

then be related to the plane wave reflection coefficient Rg and the surface and sky
temperatures TS and TSKY'

RADIOMETER SKY

SURFACE

Figure 1.- Typical radiometer scene in micrgwave
remote sensing. TBS = (1 - IRSI )TS.

27 .7
j; j; f(6,¢) Tg(6,4) SING d6 d¢

7_‘2'7?/-#
Jo ° t(0,0)SINO d 8d¢
TB(9.¢)'TBS+ 'RS'ZTSKY
SINCE €c=1- |Rel 2, Y ;

s IRg1 %, Tgo = €5 Tg

TB(0.¢"(1' ‘Rslz)Ts"' 'Rs ‘2TSKY

Figure 2.- Antenna temperature and brightness temperature.
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VECTOR PROPERTY OF ANTENNA TEMPERATURE OF POOR QUALITY

The antenna temperature is polarization dependent, as is the antenma pattern,
and hence the simple scalar expression for T, in figiure 2 must be expressed in
vector form, as given in figure 3, where Tg,, and TBH are the polarized brightness
temperatures of the scene, and ¥ is the angle between the primary polarization vector
of the antenna and the scene coordinate system, Notice that in addition to the
expected terms, there is a third term involving the difference in the scene brigh:c-
ness temperature (T, - Tg,) and sin 2y cos 2y. In this instance, § is the phase
difference between the direct and cross-polarized pattern of the observing antenna.
Hence, the amount of cross polarization in the antenna affects the observed antenna

temperature.

fz"f lfg SIN2Y+ £4,CO820) Ty + [f COS2Y + 14 SIN?Y ] Tg,
o o

+(Tg, -Tg ) fgt 5 SIN2YCOSE |SiNgdgdg

f27‘f/'7ff SINGdGdod
[ o(0+f¢) ?

Figure 3.- Vector property of autenaa temperature.

856

TR

-y




e - B B\

,,,,“ﬂ
i

[ORIIN

T N
BT i b

AR T ¢ ST Yol

by

Sl mo ERAT

e

e R

ORIGINAL PAGE IS
ANTENNA LOSSES AND REFLEcTIONs OF POOR QUALITY

An additional parameter which must be accounted for in radiometric measurements
involves the effects of ohmic losses and reflections in the antenna back to the
effective receiver terminals. The simplest form of these effects is given in

figure 4, where the antenna logsses and mismatch are treated as discrete network
parameters.

Ta=(=L-P)Tp+ [Ty + PTq

P = REFLECTION COEFFICIENT
/] = FRACTIONAL POWER LOSS IN ANTENNA
To = ANTENNA TEMPERATURE

Tp = MICROWAVE TEMPERATURE LOOKING INTO RECEIVER

Figure 4.- Antenna mismatch and losses.
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THE OCEAN APPLICATION AND IDENTIFICATION OF PARAMETERS

One of the possible applications of microwave radiometric systems is to
measure sea surface temperature. Typical accuracies desired for such systems
are on the order of 1 K, so that syrtems biases for the antenna on the order of
0.1 to 0.2 K are desired to assure tue accuracy of the overall messurement. The
sea brightness temperatures for 20°C sea water at nadir are on the order of 100
to 110 K, independent of polarization. These temperatures can increase to a
nominal 180 K at other commonly employed observation angles for vertical polariza-
tion. Hence, at microwave frequencies, sea brightness temperatures can range from
100 to 180 K (ref. 1). The effect of dissipation losses can be quantified, as
shown in figure 5. Notice that to achieve small bias temperatures of 0.1 to 0.2 K,
a dissipation loss less than 0.005 dB must be achieved when that loss is at a
physical temperature of 300 K. Notice that from figure 4 the dissipation loss factor
enters into the bias correction s product terms, so that a knowledge of both
physical temperature and the loss factor is important.

18— T =300 K

ATA BIAS ERROR, K

S —— . SV
70 80 100 120 140 180 1860 200 230 240 260 280

SCENE ANTENNA TEMPERATURE, K

Figure 5.- Effects of losses upon scene antenna
temperature. ATA = (T0 - TA)Q.

858




Py

ORIGINAL PAGE [S

EFFECT OF POLARIZATION MIXIn OF POOR QUALITY

The other major bias effect is the polarization mixing, due to a nonperfectly
polarized antenna. A measure of the effect of this mixing is illustrated in
figure 6, where the cross polarization bias temperature is plotted against differen-
tial bias temperature. The parameters I’gy,op and Pe1»dp represent the total power

contained in

the main beam angular sector for the opposite and direct polarization.

Notice that a cross polarization level of =26 to =27 dB will produce a bias error of
less than 0.2 K,

CROSS POLARIZATION BIAS TEMPERATURE, K

P
., op
Ql-—-,aa
Fo1.de
30p -16
28 F
26}
24}
2.2}
20§ /
-18
1.8}
1.6}
14}
1.2} -20
1nT
o.a} 22
0.
Gr 24
0.4}
-26
0.2} ___________________...-20
ma———————r ‘30
20 40 60 80 100 120
ATB')OV K

Figure 6.- Effect of antenna cross polarization power on
radiometer bias as function of scene polarization
difference temperature. ATBpol - TBP01 - TBop.
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From the previous discussion, the two important mesh reflector properties as
applied to radiometer measurements are mesh depolarization and mesh dissipative
loss. The data presented here will give the reader a practical insight into the
problem.

For microwave radiometer measurements of sea temperature, typical reflection
loss data are given in figure 7 for 18 openings (l-in. mesh). The measurea data
were obtained using a free-space measurement system with an inherent accuracy no
better than 10,05 dB. The experimental points shcwn in figure 7 represent the
maximum values observed; for the orthogonal polarization, values of 0.05 dB or less
were obtained. Assuming the use of an 11-GHz operating frequency, a reflection loss
of 0,07 dB is obtained. One now can refer back to figure 5 and observe that if
this 0.07-dB loss is all dissipation, a bias of 2 to 3 K may be obtained. The
reflection loss observed in this measurement is the sum of dissipation loss and
leakage through the mesh. Hence, the measurement method does not allow separation
of the two parameters.

0.l

COMPUTED
® MEASURED

e
N
T

REFLECTION LOSS, a8
(C20.C;

(=4

-

1
+

[ NS NN NS S SR SNNN R |
) 10 1" 17 13 14 18 16 17 18

- |- ®GE3

FREQUENCY (GMz)
18 OPENINGS/INCH

Figure 7.- Calculated and measured reflection loss properties
of 18-openings-per-inch mesh,
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MESH LOSS PROPERTIES

Using the theoretical model ghown in figure 7, a prediction of reflection loss \
properties at other typical radiometric ¢requencies for varying mesh size, in ‘
openings per inch, is given in figure 8. The behavior shown in figure 8 demonstrates

B STe s P - e )

ﬂ-:wr". PETTR 2 R

that the reflection properties of mesh tend to scale as a function of opening size
per wavelength. Notice that much of the predicted data is below the experimental
accuracy of 10,05 dB.

REFLECTION 1LOSS 68

0734

0.1

(AR ¢

008 ¢

110 aMe
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5.y Gra

43 0%

1.414 GMe \‘i':_

W v 11 13 W % 17 W v w0 u 1 M »
OPENINGSAINCH

Figure 8.- Mesh loss properties at radiometer frequencies.
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FOAM~BACKED MESH REFLECTOR

As indicated previously, the mesh, depending upon the construction technique,
may have an anisotropic scattering property. Indeed, for the mesh shown in figure
7, the polarization dependence may be as large as 0.1 dB. The deployable antennas
utilizing mesh are generally constructed in gore patterns, which tend to minimize
this polarization property in the secondary far-field radiation pattern. In order
to quantify this problem, an offset-fed reflector was constructed using 12 gores
centered at the offset angle of 32°, as shown in figure 9. The linearly polarized
feed horn was a square Cohn multimode horn with a measured cross polarization
pattern level of less than -36 dB. The measured and predicted direct and cross
polarization patterns from this mesh dish are given in figure 10. Predicted
patterns for this geometry using a solid reflector agree closely with the patterns
in figure 10, particularly for cross polarization. Hence, cross polarization
generated by mesh does not appear significant for the sea surface teuwperature

application.

FOAM AND MESH REFLECTOR GEOMETRY

DATA:

\ ] e 12 GORE MODEL
o 18 OPENING/INCH MESH
e RF LOSS = 0.07 dB AT
TEST FREQUENCY
31.1”
33.70”
/0 = 0.442
N
2-6" ’ T
_ _/
N
f=29.79"

Figure 9.- Foam-backed mesh reflector.
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0
— Copolarization
-10
Gain,
d8
=20

U
| ___—+Cross polarization
=40 ﬂkjﬂ

20 10 0 ' 10

Angle off boresight, deg

Figure 10.~ Foam and mesh reflector patterns.
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change of 300 to 400 K on orbit when Paasing through certain orbital conditions.
The effect of such changes on antenna bisg temperature i Presented in figure 11,
In figure 11(a), the antenna is observing an ocean scene, and in figure 11(b) it is
viewing the cold 8ky. From these data, losses as small as 0.001 to 0.003 dB wust
be measured to obtain biages less than 0.1 to 0.2 XK. To do this, it ig propos;.
that a radiometric method be employed. T™wo views of the experimental system ..
Perform thig measurement are given in figures 12 and 13. The splash plate §- this
éxperiment is made of a gold-plated solid conductor for calibration, combined wit!
mesh for logg Reasurement., The anticipated ATk for low-loss mesh when looking at
the cold sky is given in figure 11(b). It is pro~osed that the mesh be heated an¢
allowed to coo) slowly in order to determine the slope of AT, as a function of
temperature, The special reflecting plates and Platform ¢i1¢ are necessary to

reflect the cold-gky temperature to the region behind the wesh, and hence to mini-
mize the Reasurement error,

0.4

f 4= 0.005 d8
03}

av,, £~ 000348
X o2}
o1}

£~ 0.001 48

t 1 1 1
100 200 300 400 800

To. K

(a) Ocean scene. Scene temperature = 120 k.

= 0.008 d8
04 r 4= 0.008
o3l 1=0.003 48
A Ta.
K oaf
0.1} £=0.001 gp
! 1 1 )
100 200 300 400 800

To. K

(b) Scene temperature = S0 . (50 ¥ is typical radiometer
temperature when observing cold sky of 3 x.)

Figure 11.- Change in antenna temperature due *o ohn,qc losses.
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TOP VIEW b -1 4 REFLECTING
] PLATES
l \
RADIOMETER
HORN SPLASH PLATE

4‘\ RE} _ECTING
PLATES

SIDEVIEW

Figure 12.- Radiometer measurement arrangement,

ALTERNATE
SPLASH REFLECTING
TC  PLATE LOCATION PLATES
SPLASH MO /“//
PLATE ‘
CORRUGATED 4 g
HORN AN T
\ i &
INSULATED & \ - wO0D
80X _ - Pe ¢ - SUPPORT
e . STRUCTURE
': ‘%:«;1
\
N\ w0
\
\\' ~ -
Val| )
ANGLE = 20°

@ TC = THERMOCOUPLE

I scare

Figure 13.- Arrangement for radiometer measurements
of ohmic losses of mesh.
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COF POOR QUALITY
CONCLUSIONS

The use of mesh antennas for space-borne radiorieters for precision measurements
of surface temperatures requires a measurement of vary £mall dissipation losses
over a wide range of temperatures. Indeed, some matuvrials Zor solid reflectors
which use tnin metallized coatings may require a similar determination. A method
of measuring dissipation loss using a radiometer is proposed.

REFURENCE
1. Staelin, D. H.; and Rosenkranz, P. W.: High Resolution Passive Microwave

Satellites. MIT Research Lab for Electronics, Massacliusetts Institute
of Technology, April, 1977.
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MESH SURFACES

The wmoash used to construct large space reflactor antennas is typically made from
gold-plated molybdenum wire approximately one mil in diameter. The wires are knitted
into a fabric suitable for framing and forming @ reflector wur{ace. This surface is
nonideal, and, as such, displays less than optimum performance. In particular, the
wirea vun and cross in a weave that is periodic in nature, giving rise to a reflaec-
ting surface that behaves differently depending on the number of openings per wave-
longth and the polarization of the incident energy. The undesirable effects resulting
from such a surface include tranaimission ioss, reairtive loss, and crosa-polarization
loga.
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The Harria meah ahown in figure 1 is typical of the mesh designed for large
apace reflector antennaa (ref. 1). To solve for the reflected field, a combination
of the currenta on the wire, the aperture fleld, and the appropriate boundary cond-
tions must be umed. Ome popular model for eatimating the reflection from a sesn sur-
face in bamed on averaged boundary conditiona (vefs. 2 and 3) and offers good results
when the number of meah openinga per wavelength is large (ref. 4). For certain
applicationa, the number of meah openinga per vavelength way become amall, and the

mvlel (referenced above) breaka dowm. To overcome thia problem, a more accurate
model of the meah muat be formulated.

THE MESH PROBLEM

Flagure 1

269
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METHODS OF SOLUTION OF POOR QUALITY

There are several methods for constructing solutions to the mesh scattering
problem. The classical solution involves coupled integral equations, which will not
usually yield a solution due to the nature of the integrals. A possible candidate for
numerical solution is the method of moments (MoM). This method involves reducing the
integral equations in the classical method down to a matrix problem with the proper
choice of basis aud testing functions. However, the MoM solution generally involves
the inversion of a matrix, and this process can become unwieldy. The most likely
method to solve the problem appears to originate from the spectral comain approach
(ref. 5). This method employs discrete Fourier transforms and Floquet's theorem
and avoids the time-consuming matrix inversion involved in the MoM (ref. 6). Table 1
lists several possible methods of sclution and also contains short comments on each.

METHODS COMMENTS

METHOD OF MOMENTS (MoM) - REPRESENTS INTEGRAL EQUATIONS AS MATRIX;
USUALLY REQUIRES MATRIX INVERSION

SINGULARITY EXPANSION METHOD (SEM) - POSSIBLE IMPEDANCE EXPRESSION AVAILABLE;
USUALLY USED IN TRANSIENT ANALYSIS

CLASSICAL METHODS - INTEGRAL FORMULATION;
DIFFUCULT TO INVERT INTEGRAL

SPECTRAL DOMAIN - UTILIZES FOURTER TRANSFORM TECHNIQUE;
ELIMINATES CONVOLUTION; MATRIX INVERSION
USUALLY NOT REQUIRED

TABLE 1

870

e g e

NS RASINN e

e A

C e e B Ve MY St s SO - e st e o vt T SN K



PERIODIC NATURE OF MESH SURFACES

The mesh surface has a periodic nature which may be described by "cells". Ore

cell consists of a pattern of wires which can be translated to replicate this pattern
over the surface. Figure 2 illustrates the nature of these cells and their location

U,M,,MVA,F,‘
i B L
#*
3
3

ver the surface of a typical mesh.
ORICIMAY, PAGE IS
OF POOR CUALITY

Figure 2
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SPECYRAL THEORY AND MESH SURFACFs T POOR QUALITY

The spectral theory solution utilizes the discrete Fourier transform (usually in
the form of a fast Fourier transform (FFT)) and Floquet's theorem to solve a periodic
i structure problem (ref. 6). The flow diagram in figure 3 indicates the general na-
{ ture of solving a problem using the spectral theory referenced above. Even though
the formulation is rigorous, certain problems may arise when this approach is applied.

FOURIER TRANSFORM INVERSE
INITIAL GUESS AND APPLY - FOURIER Juipued OBTAIN ITERATED [fudogeipe FINAL
ELECTRIC FIELD FLOQUET'S THEOREM TRANSFORM CURRENT DENSITY RESULT

TRUNCATE FOURIER TRANSFORM TRUNCATE
ELECTRIC |frematmmd AND APPLY ey  CURRENT gl
. FIELD FLOQUET'S THEOREM DEN3ITY
Figure 3
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A test case using an infinjte parallel grid of wires is chosen since the solu-
tion is well known (ref. 7). The grid shown in figure 4 indicates the dimensions
of the case, the incident wave angle, and the polarization of the incident electric
field. The magnitude of the reflection coefficient is shown in figure 5 as a function
of incidence angle. The results shown, however, were obtained only after a number of
problems inherent in the method were overcome.

TEST CASE STUDY

Figure 4
I I_‘I 1.0
O B [ 1] M
___:‘::‘i:"—:(/ w‘ ° “3
AN O o — -
—— 7
Wait(ret.?)
LAY -
i =
A ] | 1 1
O I\ Y W a0
(deg}
Figure 5
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PROBLEMS WITH THE SPECTRAL APPROACH

The spectral approach works well with periodic structures as long as the cell
separation 1s greater than approximately one wavelength. For smaller separations,
the field between cells becomes hard to estimate, and convergence is slow (ref. 6).
However, an improvement is seen by providing a better estimate of the field between
cells. This fact leads to the conclusion that a very good aperture field between
cells is required for convergence of the solution for the mesh surface. Additionally,
the wires will cross and perhaps lead to an impedance between wires that must be
accounted for. Table 2 indicates the types of problems existing with the spectral
approarh and some possible ideas for solving these problems.

PROBLEM POSSIBLE SOLUTION
POOR CONVERGENCE DUE TO SMALL FLOQUET CELL CONSTRUCT BETTER INITIAL ELECTRIC FIELD APPROX-
SEPARATION IMATION; DETERMINE STATIONARITY OF FORMULATION
"RINCING” IN ITERATIVE PROCEDURE APPLY SMOOTHING TECHNIQUE TO ITERATIVE CORRECTION
VALUE
MESH CROSSINGS USE FORCED BOUNDARY CONDITIONS TO REPRESENT

IMPEDANCE OF WIRE CONNECTION

MESH WIRF NOT [THIN DETERMINE EQUIVALENT RIBBON SIZE FOR WIRE

TABLE 2
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CONCLUSION

There are several methods available for computing the reflection coefficients
from mesh surfaces. Some methods mentioned have severe liminations, and the spectral
approach appears to be the most attractive alternative. In spite of some inherent
problems, the solutions obtained with this method will offer not only the reflection
coefficients but also the currents carried on the mesh. This would allow separation
of the power lost to resistive terms from that due to transmission losgs. Overall,

good results and rapid convergence should be obtained from this method when proper
care is applied.
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A Survey of Near-Field Testing Methods for Large
Aperture Antennas and Future Trends

Allen C. Newell
National Bureau of Standards
Boulder, Colorado

Large Space Systems Technology - 1982
NASA Langley Research Center
November 30 - December 3, 1982
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In recent years, near-field antenna measurements ha're progressed from theoretical
coricepts to a wide variety of operational measurement systems, This paper will
sumnerize the current stacn:s of this work and its possible application to large

space antennas.

2,

2,
3.
4,
5,
6.
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NEAR-FIELD ANTENNA MEASUREMENTS

MEASURE THE FIELD VERY CLOSE TO ANTENNA OVER A WELL
DEFINED SURFACE (PLANE. CYLINDER, SPHERE)

MATHEMATICALLY CALCULATE FAR-FIELD PERFORMANCES

ADVANTAGES

NO WEATHER PROBLEMS

BETTER ACCESS TO ANTENNA

SECURITY AND “CLEAN Room”

No INTERFERENCE

LESS EXPENSIVE FACILITY

MORE ACCURATE AND COMPLETE INFORMATION
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F. ir types of measurement surfaces or lattice shapes are currently being used. Each
has special advantages and applications where it is best suited.
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The planar transmission equation illustrates the general features of each theory.
The measured quantity is the probe output voltage as a function of position on
the measurement surface. The probe receiving function is known and the test
antenna's transmitting function is the object of the measurement.

TRANSMISSION FORMULA CHARACTERISTICS

®GIVES PROBE OUTPUT VOLTAGE AS FUNCTION OF PROBE
POSITION & ORIENTATION ON MEASUREMENT SURFACE

®WRITTEN IN TERMS OF MODES (BASIS FUNCTIONS, WAVES)
WHICH WILL PROVIDE ORTHOGONALITIES FOR THE
MEASUREMENT SURFACE

e VALID FOR NEAR-OR FAR-FIELD DISTANCES
® EXACT EXCEPT FOR MULTIPLE REFLECTIONS

oALL FUNCTIONS ARE WITH RESPECT TO SINGLE REFERENCE
COORDINATE SYSTEM

® CONTAINS FACTORS WHICH CORRESPOND TO OR ARISE FROM:
- PROBE RECEIVING CHARACTERISTIC
- ANTENNA UNDER TEST TRANSMITTING CHARACTERISITCS
- TWO ORTHOGONAL POLARIZATIONS
- PROBE MOTION ON THE SURFACE

880
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The transmission equation is valid for arbitrary distance and any combination of

probe and test antenna. The only simplifying approximation is that multiple re-
flections are neglected.

NEAR-FIELD THEORY

e DERIVE TRANSMISSION EQUATION APPROPRIATE TO
MEASUREMENT SURFACE

o RELATE PROBE RECEIVING FUNCTION, AS DESCRIBED IN
ITS OWN COORDINATES, TO ONE DESCRIBED IN REFERENC
COORDINATE SYSTEM (TRANSLATION OF CENTERS)

© DECOUPLE TRANSMISSION EQUATION TO SOLVE FOR TEST
ANTENNAS TRANSMITTING FUNCTION

e COMPUTE FAR-FIELD QUANTITIES IN TERMS OF
TRANSMITTING FUNCTION

E

881



ORIGINAL PAGE 19
OF POOR QUALITY

One of the reasons for the success of near-field teéhniques is the rigor and complete-
ness of the theory. No simplifying assumptions are necessary about the probe or the
test antenna.

PROBE RECEIVING FUNCTION
WITH RESPECT TO REFERENCE
COORDINATE SYSTEM -—
FACTORS ARISING FROM PROBE
NOTION ON THE PLANE

PROBE VOLTAGE

\ u X ik y
b(x,y.,d) = L /j z(soz(m.x)e ‘o(m.K e Y dk, dk

PROBE POSITIUN

POLARIZATION INDEX TEST ANTENNA TRANSMITTING FUNCTION
:I;H :ESPECT TO REFERENCE COORDINATE
YSTE
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The general characters of the transmission formulas for these three surfaces are
very similar.
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TRANSMISSION FORMULAS

ik x tk y

® w b4
PLANAR b(x,y.d) = ‘of/ l:z;(s'oz(m.s)o”") Tlo(m._l_(_z] (¢ Xe Y )dk,dk,
m=

-t -8

CYLINDRICAL b(¢,2,d) = .02/' [ﬁ R $9(v) T,,‘(v] (o7 ¢1Y2)4y
g=

Neew

2
SPHERICAL  Wh(y,0,¢) = E 2 Z [:P"”“ q“‘"] (e""d::’(e) o l1X)
[ ] n 7] }
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The integration of the measured data can be done accurately and efficiently for plane
rectangular using the FFT. However, for plane polar, other techniques which may in-
volve approximztions are required.

Comparison of Analysis, Plane Rectangular vs. Plane Polar

DK) = b’(x, y) e **** " dx dy
41!2F1

Plane Rectangular; 2-D Fourier Transform—FFT

o057, T oo f { frwominfrnane

Plane Polar;
1-D Fourier Transform + Hankel Transform
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Once the test antennas' spectral coefficients are determined, the far-ield pattern
is easily obtained.
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FAR ELECTRIC FIELD IN TERMS OF TRANSMITTING COEFFECIENTS
ikr
PLANAR E(r.K) = ‘—k-i:j—"——[gw (K) cose)]

(NOTE: 310(5) = COMPLETE VECTOR, Lm(l(_) = TRANSVERSE PART)

{kr

-2k a_ Sine -
CYLINDRICAL E(r.8,4) = a°r e 2;(-1)“ [Tn' (v) e -1 T.2(y) e ] AL
& ¢ n =0
a e1kr
SPHERICAL  E(r,0,0) = g D (-1)™1"8 ¢ ¢ (o,)
S,m,Nn
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Similarly, the power gain is also easily obtained, as are polarization parameters
such as axial ratio, tilt angle, and sense of polarization.

ANTENNA GAIN IN TERMS OF TRANSMITTING COEFFICIENTS

ok
PLANAR 6(K) =« ——9— [n,on.;nz + Tyg(2:K) m|2]
n

CYLINDRICAL G(8,4) = % {I?_;]( )"T (y)e |+ |2’T 2(Y) ewl

4n o
SPHERICAL 6(0,¢) = $= oSMN S (g,
(6,9) -z—-Fls—z— l E( ) G, (6.9) l
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Shown here is a schematic of an experimental set-up for cylindrical near-field
scanning, showing the coordinate system for the measurement surface.

CYLINDRICAL SCA
L SCARNINC ORIGINAL PAGY IS
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L-2

N_ A¢

\ ‘ Az/ t
]

ProBE

|
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Test

ANTENNA C = OrRi1GIN 0
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Shown below is a schematic of near-field measurements.
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WAx,8,0) = TN M) ¢1Mglt)(g) o™

MafsbisS FACTORS DUE TO PROBE
PROBE RECEIVING MOTION ON SURFACE OF
COEFFICIENTS WITH SPHERE

RESPECT TO oxyz
ANT TRANSMITTING COEFFICIENTS
WITH RESPECT TO oxyz

A = RADIUS OF SPHERE s = POLARIZATION INDEX
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This technique is best suited to
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AsSuUMPTIONS

1) MaxwerLi’ EQUATIONS
2) LINEAR ANTENNAS

3) OperATING CW (e=iWt)
IN FREE SPACE

4) SINGLE MODE PROPA-
GATING IN WAVEGUIDE
OF TEST AND PROBE
ANTENNAS

ANTENNAS MAY BE LOSSY
AND NCNRECIPROCAL

(MULTIPLE REFLECTIONS NEGLIGIBLE)

Shown below is a planar scanning schematic.
narrow-beam antennas.
PLANAR SCANNING
éx "]
T 4 //‘M
EST ANTENNA
nA //
- /
/‘
-/ //
— L — *
" |
el —
e L
& e | |
A /
ey //
// /./
/
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1 /
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Shown below 1s a photograph of the near-field measurement facility at the National
Bureau of Standards. Measurements can be performed for all four types of surface/
lattice combinations.
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This is a schematic of a planar scanner design using a track and a large rigid
probe tower.
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SCHEMATIC OF TRACK/TOWER PLANAR SCANNER

POSITIONER
/ TOWER  COVERAGE: 201t X
181 Y

D-IVES &
OATA DEVICES

PROBE ASSEMBLY
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Shown below is a schematic of a planar scanner design combining one-dimensional
translation of multiple probes with translation and rotation of the test antenna.
Very large space-deployable antennas can be measured with this fac’lity.

SCHEMATIC OF TRANSLATION/ROTATION SCANNER

PLANAR COORDINATE PROBES
(POLAR OR ARECTANGULAR)

CYLINDRICAL
COORDINATE -
PROBES

892




A wide range of antenna typer and frequency ranges have been measured at NBS.

|
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SOME ANTENNAS MEASURED AND DATA BASE AVAILABLE

MAJOR DIMENSION

ANTENNA TYPE  FREQUENCY (GHz)  IN WAVELENGTH GAIN (pB)
HORN LENS 48.0 90 47.0
CONICAL HORN (JPL) 8.0 & 22.08
CASSEGRAIN REFLECTOR 60.0 91 46.5
LENS ARRAY 9.2 23 34.0
(CONSTRAINED LENS)
PHASED ARRAY 8.4 17 21.5
(VOLPHASE)
PHASED ARRAY 7.5 15 30.5
DIPOLE ARRAY 1.4 5 20.3
FAN BEAM RADAR 9.5 58 30.0
(LINEAR & CIRCULAR
POLARIZATION)
Ku-BAND REFLECTOR 14.5 60 42.0
Ku-BANC ARRAY 17.00 50 40.0
(PENCIL & FAN BEAM)
SHAPED BEAM. C.P. 4.0 20 27.5
(ARRAY FEN REFLECTOR)
MICROSTRIP ARRAY 1.5 27 30.0
PARABOI.1C REFLECTION 1.5-18 15-183 26-47
COMPACT RANGt REFLECTOR 18 ¢ 55 285 & 870 ~60.0
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The validity of the plane rectangula:r technique has been demonstrated by a combina--
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tion of approaches. Similar studies are under way for the other techniques.

894

VALIDITY AND ACCURACY OF PLANAR NEAR-FIELD MEASUREMENTS ZSTABLISHED

BY:

1. COMPARISON WITH OTHER MEASUREMENT TECHNIQUES
2. COMPUTER SIMULATION OF MEASUREMENT ERRORS
3. MATHEMATICAL ANALYSIS OF WORST-CASE SYSTEMATIC AND RANDOM ERROR

ERRORS STUDIED

TRUNCATION OF MEASUREMENT AREA

X, y, AND z PROBE POSITION
RECEIVER NON-LINEARITY

MULTIPLE REFLECTIONS

PROBE PATTERN AND GAIN

AMPLITUDE AND PHASE NORMALIZATION
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Probe y-position in inches
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2107 - 240° 120° - 150°

e 90° - 120°
/,/j;gizg 150° - 180° ST e - 90°

Near field phase 30 degree contcurs on 10 ft. Parabolic dish antenna at f = 14.5 GHz

180° - 210°

\

-90

AN

W
,(x:“m\

AN

-90

Probe x-position in incoes +90
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Shown below is an.cher example of how near-field phase is used to determine

reflector alignment.
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SIR ANTENNA ON NEAR-FIELD SCANNER, POSITION |

/—scm AREA (3.85m x 4.4m)

VLI, - LSS LIIDD
:::g:: = \f %\- ABSORBER
g @ PANELS
72772 N7 A T P 7/

- - N D VD D D W D U SN A U0 N O S R .

SIR ANTENNA ON NEAR-FIELD SCANNER, POSITION 2

AMDAMMRNANNNN

LAl Wl

4“2

SIR ANTENNA ON NEAR-FIELD SCANNER, POSITION 3

Schematic of SIR antenna in three positions for PNF measurement.
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When antennas are larger than the mechanical scanner, it may be possible to obtain

the data in segments by translation and/or rotation of the antenna relative to the
scanner.
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NEAR-FIELD MEASUREMENT FACILITY PLANS AT LEWIS RESEARCH CENTER

R. G. Sharp
NASA Lewis Research Center
Cleveland, COhio

Large Space Antenna Systems Technology - 1982
NASA Langley Research Center
November 30 - December 3, 1982
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The following introductory points provide some background.

900

NASA LEWIS RESEARCH CENTER IS THE LEAD CENTER FOR THE NASA SPACE COM-
MUNICATION PROGRAM,

ANTENNA TECHNOLOGY HAS BEEN IDENTIFIED AS A CRITICAL TECHNOLOGY FOR
FUTURE SPACE COMMUNICATION SYSTEMS.

ADVANCED ANTENNA CONCEPTS BASED ON EMERGING TECHNOLOGIES ARE BEING
INVESTIGATED IN A BASE RESEARCH AND TECHNOLOGY PROGRAM INVOLVING
COORDINATED IN-HOUSE AND CONTRACTUAL EFFORTS.

NEAR-FIELD PLANAR SCANMER TESTING WILL PROVIDE AN IN-HOUSE CAPABILITY
FOR EXPERIMENTAL INVESTIGATIONS OF ADVANCED ANTENNA CONCEPTS,
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FAR-FIELD MEASUREMENT VECHNIQUE

Up until about 20 years ago, all antenna patterns were measured using the
far-fleld technique. The test antenna was required to be mounted at least

202/ ) (out of the Fresnel zone) away from the transmitting antenna in order
for far-field conditions to occur. Here, D is the reflector aperture diameter
and ) is the wavelength.

BASIC CONCEPT

MEASURE RESPONSE OF TEST ANTENNA IN THE FAR FIELD OF A
TRANSMITTING ANTENNA

TEST T TRANSMITTING
ANTENNA _Ii— ANTENNA
» 202/
CONSTRAINTS

1. TEST ANTENNA TO TRANSMITTING PROBE SEPARATION
MUST BE >2D%/x

2, ACCURATE FIELD MEASUREMENTS AS A -FUNCTION OF
TEST ANTENNA ORIENTATION

901
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FAR-FIELD TECHNIQUE DIFFICULTIES DUE TO THE REQUIRED
LARGE TRANSMITTING ANTENNA TO TEST ANTENNA SEPARATION

When the antenna to be measured is of large reflector aperture size D and also
high frequency (or of small wavelength ) ), the required separation distance
from the transmitting antenna to the test antenna can become very great. For
example, the required separation distance for a 30 GHz 3-m reflector is 1.8 km
in order to meet the minimum separation criteria of 202/ . As the

required separation distance becomes large, the factors shown can present
serious difficulties for far-field testiny.

\GINAL PAGE 1S
g'; POOR QUALITY
o GROUND REFLECTIONS

o INTERFERENCE EFFECTS

o ATMOSPHERIC & WEATHER EFFECTS

o ANTENNA ENVIRONMENTAL CONSTRAINTS
- TEMPERATURE & HUMIDITY
- BORESIGHT ORIENTATION

o HIGH POWER, STABLE SOURCE REQUIRED

o LOGISTICS
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In the far-field tecnnique, direct measurements are made of the test antenna
response in far-field conditions. However, in the near-field technique, far-
field antenna paramerers are calculated from phase and amplitude measurements
made over a well-defined surface in the near field. Near-field measurements
are characterized by the surfaces over which they are made--planar,
cylindrical, or spherical,

The figure illustra’:s a planar near-field scanner with which the phase and ampli-
tude values of an N x N grid are measured and recorded with a small test probe.
Complete 3-dimensional far-iiela awplitude and polarization information is
calculated frum the near-field data by a procedure which basically involves
performing a discrete fast Fourier transforma (DFFT) of the near-field data.

The data acquisition constraints are that the scanned surface must intercept
essentially all of the antenna's radiation, the surface must be flat to within

a small fraction of a wavelength (1/100), and the grid point spacing must be on
the order of /2. Because all measurements are made in the near field, the
measurement system can be located in a controlled indoor environment.

BASIC CONCEPT
1. MEASURE NEAR-FIELD AMPLITUDE AND PHASE OVER WEL'-DEFINED SURFACE
2. CALCULATE FAR-FIELD PARAMETERS FROM NEAR-FIELD DATA

TCST ANTENNA -,

. [
AR ’
g
’
g
g
s
g
CONSTRAINTS PLANAR SCANNER
1. SCANNED SURFACE INTERCEPTS ESSENTIALLY ALL ANTENNA ENERGY
2, ACCURATE AMPLITUDE AND PHASE MEASUREMENTS AT EACH POINT ON GRID
3. GRID SPACING p: 0.5 AX p< A
4, SCANNED SURFACE SMOOTH TO= A/100
5. TWO SCANS REQUIRED, ONE FOR EACH OF TWO PROBE POLARIZATIONS
6. PROBE CHARACTERISTICS KNOWN

903



SATELLITE COMMUNICATION ANTENNA CHARACTERISTICS AND TRENDS

Antennas for communication satellites have increased in frequency, reflector
aperture diameter and complexity as these satellites have evolved. The result
has been that the electrical size of the antennas D/A has increased at an

even greater rate.

EARLY BIRD
TELS CTs
TAR(PAST)

160 TO 1980 @@
o FREQUENCY 1-2GHz 12-14 GHz
o APERTURE SIZE 1m 4-m RIGID

9-m DEPLOYABLE

o ELECTRICAL SIZE, 3 100-300
o COMPLEXITY SINGLE - MULTI-ELEMENT

ELEMENT FEED/REFLECTOR

RADIATOR

RIGINAL PAGE IS
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ACTS (FUTURE)
180 T0 200
20-30 GHz 60 GHz+

4-m PRECISION 100 m+

300-400 3000+

MULTIPLE BEAMS, COMPLEX

SCANNING BEAM  ACTIVE
ARRAY
FEEDS
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ADVANTAGES OF USING THE NEAR-FIELD METHOD FOR
SPACE COMMUNICATIUN ANTENNAS

The comparison of various antenna measurement techniques is well documented (ref.
1). Each has advantages and disadvantages and the selection of the "best"
approach for a given application depends on many factcrs including antenna size,
frequency, type, complexity, desired accuracy. and level of detail required.

The near-field method is especially attractive for testing high-frequency,
high-gain space communication antennas for the reasons shown.

0 MEJHOD IS SUITABLE FOR LARGE-APERTURE, HIGH-FREQUENCY ANTENNAS FOR WHICH
2D°/ A IS VERY LARGE

0  ANTENNAS ARE TESTED IN A CONTROLLED ENVIRONMENT

0  ANTENNAS MAY BE TESTED IN VERTICAL BORESIGHT CONFIGURATION; MAY BE TESTED
WITHOUT BEING MOVED IN ANY WAY

o  ANTENNAS MAY BE TESTED IN TRANSMIT OR RECEIVE MODE

o COMPLETE FAR-FIELD INFORMATION IS DERIVED FROM SINGLE SET OF NEAR-FIELD
MEASUREMENTS

o METHOD PROVIDES DIAGNOSTIC AND SET-UP INFORMATION

205
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A 22' x 22' horizontal boresight (vertical scan) planar scanner is presently
becoming operationul a- LeRC. The first RF field measureme.ts were made in
April of 1982. This facility wiil provide an essential in-house antenna
testing capability in support of the LeRC antenna base research and “echnoiogy
investigations. Future plans call for an Antenna Technology Laboratory (ATL)
that will house both the present 22' x 22' scanner and a larger 60' x 60’
vertical boresight planar scanner that will be capable of measuring high-
frequency, phy.ically and electrically large antennas. Such antennas might be
large (up to 15 m diameter) extremely precise retlectors or scale moedels of
very large antennas and antenna systems ,.he scaled frequency is inversely
proportional to the scaled reflector aperture diamter).

0 £2' X 22' HORIZONTAL BORESIGHT PLANAR SCANNER (PRESENTLY EXISTS)

o 60’ X 60" VERTICAL BORESIGHT PIANAR SCANNER (IN PLANNING STACE)

906
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The plane described by the motion of the probe tip of the planar scanner must
be kept very flat over the test period in order to minimize phase error. An
extremely rigid mechanical design constructed from a stable material (steel)
was chosen in order to minimize the Z-axis (boresight) electrical phase
corrections that would otherwise be required. Simple differential screw
adjustments are used for alignment of the rails on which the moving components

of the scann.r are mounted.

DESIGN PHILOSOPHY

o PROVIDE AN EXTREMELY RIGID MECHANICAL DESIGN WITH HIGH STRUCTURAL

STABILITY

o PROVIDE CAPABILITY FOR EASY AND ACCURATE MECHANICAL ADJUSTMENT

o INITIALLY, USE STATE-OF-ART SUBSYSTEM HARDWARE AND COMPUTER PROGRAMS;
UPGRADE SYSTEM CAPABILITIES, AS REQUIRED, IN STAGES

o SCANNING PLANE

DESCRIPTION
-VERTICAL, 6.7M x 6,7M OVERALL

o SCANNING PLANE FLATNESS-% 0,005 cm
o FREQUENCY OF OPERATION -0.8 - 60 GHz

o PROBE POSITIONING

0 MECHANICAL ALIGNMENT
o HORIZONTAL DRIVE

o VERTICAL DRIVE
o COMPUTER

o RF ABSORBER

-PROBE POSITION ON GANTRY TRUSS RAILS (VERTICAL AXIS)
AND BASE PLATFORM POSITION ON HORIZONTAL RAILS
(HORTZONTAL AXIS) DETERMINED BY LASER INTERFEROMETER

-LASER STRAIGHTNESS MEASURING DEVICES, PRECISE OPTICAL
LEVEL, AND JIG TRANSITS

~-CHAIN DRIVEN BY COMPUTER-CONTROLLED D. C. MOTORS
WITH PRECISION TACHOMETERS THROUGH A SYNCHRONOUS BELT
REDUCTION DRIVE

-SPEED RANGE: 17,7 TO .012 CM/SEC

-ESSENTIALLY IDENTICAL TO HORIZONTAL DRIVE

-SPEED RANGE: 35,4 TO .01z CM/SEC

-PRETESTS AND DATA ACQUISITION: PERKIN ELMER 832
(LOCATED IN N-F FACILITY CONTROL ROOM)

-DATA PROCESSING: UNIVAC 1100 (LGCATED IN LABORATORY
CENTRAL COMPUTING FACILITY)

-18" LOADED URETHANE FOAM (EMERSON CUMING ECCOSORB)

907

R o o on 4 M 2 EHAM e Pl DS el A



908

- xhe e N

ORIGINAL PAGE IS
OFE POOR QUALITY

NEAR-FIELD ANTENNA TEST FACILITY

A scale (1/2" per foot) model of the 22' x 22' horizontal boresight near-field
scanner is pictured. The major parts are titled and their movements indicated.
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VIEW OF 22' x 22' HORIZONTAL BORESIGHT NEAR-FIELD SCANNER
LOOKING INTO THE TEST ANTENNA (BACK OF SCANNER)

This photograph was taken before the RF absorber wall was constructed and
shows the back of the scanner. The front (towad the antenna pedestal) rail
of the horizontal cart can be seen, including the rail adjustment brackets.

The counterweight return tute for the vertica. cart can also be seen mounted
to the side of the tower.
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OVERHEAD VIEW OF 22' x 22' HORIZONTAL BORESIGHT
NEAR-FIELD ANTENNA SCANNER

This photograph was taken in November of 1982 after construction of the RF
absorber wall was completed. The only RF absorber work remaining is the
installation of absorber in front of the large horizontal wide-flange beams

that are mounted to the floor.
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ORIGINAL page
I
OF POOR QUALITYS

FRONTAL VIEW OF 22' x 22' HORIZONTAL BORESIGHT
NEAR-FIELD ANTENNA SCANNER

*‘,}g’"f bt me‘ o,

Systems that can be seen in this view are:

a) the optical blocks and mounting brackets for the laser interferometer
position and rail straightness measuring system along the front wide
flange beam

b) the RF system signal scurce box in the iower left corner and the
antenna mounting pedestal which it supplies

c) the horizontal drive motor and reduction drive belts on the right side
of the picture
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ORIGINAL PAGE IS

PROBE (VERTICAL) CART DRIVE SYSTEM OF POOR QUALITY

The DC drive motor and tachometer, electric brake, sychronous belt reduction
setup and vertical drive output shaft (driving the chain sprockets) are shown
for the Probe (Vertical) Cart. Tne prove cart is fully counterweighted and

can be positioned within :0.001 1in.
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ORIGINAL PAGE g
HORIZONTAL RAIL ADJUSTMENT SYSTEM  OF POOR QuALTy

The 2" diameter horizontal guide rail and raii adjustment bracket are shown
for the front rail of the horizontal cart. V-type linear roller bearings are
used to support the corners of the horizontal cart along the front guide
rail. The differential screw arrangement for horizontal and vertical rail
adjustment is also shown. (The screw is threaded into a nut which is then
threaded into the bracket.) If the screw for the horizontal rail adjustment
is held stationary and the nut is turned, a one-quarter turn of the nut will
adjust the rail horizontally by 0.001 in. A1l other vertical and horizontal
guide rails have similar adjustment mechanisms. These simple accurate rail
adjustment features in conjunction with the laser interferometer straightness

system will permit frequent verification (and adjustment as required) of
system sositional alignment.
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NEAR-FIELD ANTENNA TEST FACILITY FRONT RAIL VERTICAL STRAIGHTNESS PLOT

During the early stages of assembly a laser interferometer straightness plot
was taken of the vertical motion of the horizontal cart as it moved along the
front or longer horizontal rail. A straight line was then fitted through the
plot using the least sguares fit method and the rms deviation from the least
squares fit computed as 379 uin. or 0.0004 in. This vertical motion will be
amplified horizontally at the antenna probe in the direction of the antenna
boresight. However, these small measured ageviations are consistent with the
design scan plane accuracy goal of #0.002 in. Since this plot was taken,
additional rail support brackets have been installed in order to reduce the
oscillating motion shown on the plot. (Note also: the west end of the rail
appears 4500 pin. higher than the east end due largely to the limitations of
accurately leveling the laser head with our present test setup).

NEAR-FIELD ANTENNA TEST FACILITY FRONT RAIL VERTICAL STRAIGHTNESS PLOT

DATE: Mereh 23, 1882 RN 8 —— Hoosured dete
SCAN DIRECTION: Eaot s@ Weeo = _____ Lesst ogueres fi¢
COMMENT: Meohanie en plesfore

Max dovietion frem least oquares fits 1130 stere-inshee (et postsion 11.8
Keon doviation frem lesst equeres fits 31D miere-inshes
M8 devietion frem losst equares it 370 stere-inehes
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Ssee
e )
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-3 A NATY
- I WAL :
i 2008 i /N o [‘ 'V E_
1908 é-_ﬁ" —Z’ \]
1908 .i_ - ,/ i
EF :
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-1008
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LARGE NEAR-FIELD ANTENNA SCANNER DESIGN PHILOSUPHY

It is essentail that large delicate space based antennas or scale models of
extremely large (300-m) antennas be test 'd with the antenna boresight vertical
in order to minimize antenna sag and misalignment due to cravity. In order to
simulate "0" g in testing a large flexible antenna in the vertical boresight
position, it will be necessary to support the reflector centrally and at many
points along radial lines emanating from the center of the antenna (along the
reflector aperture ribs if the reflector has ribs). In order to keep this
support simple and inexpensive it is essential that the antenna not be moved.

It is also essential that the moving mass of the scanner be kept as low as is

reasonably possible so that the scanner deflection criteria can be met with a
minimum amount of structural steel.

Since scanner alignment on such a large structure would be a very labor
intensive operation, it snould be made as easy and simple as possible,

An automated antenna probe positioning system (alony the antenna boresight
axis) should be employed only if absolutely necessary owing to the additional
cost, complexity and reliability problems of such a system. Instead, long
term scanner dimensional stabitity should be emphasized. Any phase errors
caused by boresight axis probe position errors could then be corrected by

measuring the position error and correcting the phase data before the far-
field pattern is calculated.

o  ANTENNA SHALL BE TESTED WITH BORESIGHT VERTICAL

-PROVISION MUST BE MADE TO SUPPORT ANTENNA OVER A WIDE AREA
(MANY SUPPORTS) TO SIMULATE 0 ¢

o  ANTENNA SHALL NOT BE MOVED

o ANTENNA ERECTION AND SUPPORT SHALL BE KEPT SIMPLE

o MOVING MASS OF SCANNER SHALL BE MINIMIZED

o PROVIDE FOR SIMPLE EASILY ADJUSTED SCANNER DIMENSIONAL ALIGNMENT

915
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SCANNER CHARACTERISTICS OF POOR QUALIT:

The capabilities of the existing 22' x 22' horizontal antenna boresight
scanner and the planned 60' x 60' vertical antenna boresight scanner are

compared in this chart,

It is not necessary to move the antenna for either scanner. However, with the
antenna boresight horizontal, "0" g is difficult to simulate due to the
complex antenna support system needed to eliminate antenna sag on large

antennas.

Very complex tests (of physically large antennas at high frequency and even
including testing of assembled spacecraft) can be accomplished using the large

60' x 60' vertical boresight antenna scanner.

60 X 60' NEAR-FIELD SCANNER 22’ X 22' NEAR-FIELD SCANMER

ANTENNA ORIENTATION  BORESIGHT VERTICAL

SCANNING PLANE HORTZONTAL
MOUNTING/SUPPORT ANTENNA NOT MOVED DURING
CONSIDERATIONS TEST

ANTENNA CAN EASILY BE
SUPPORTED OVER WIDE AREA
TO SIMULATE *0* 6

MAXIMUM ANTENNA D=15m (50")

APERTURE

MAXIMUM FREQUENCY T0 60 GHz

CAPABILITY

SCALED TESTING T0 D/ A = 3,000
INTEGRATED ANTENNA CAN DO IN SITU TESTING OF
SYSTEMS TESTING ANTENNAS OF SPACECRAFT OR

SPACECRAFT SIMULATORS

916

BORESIGHT HCRIZONTAL
VERTICAL

ANTENNA NOT MOVED DURING TEST
*0“ & DIFFICULT TO SIMULATE
DUE TO ANTENNA SAG

D=5.5m(8.3")

TO 60 GHz +

T0 D/ A = 1100+
LIMITED CAPABILITY
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OF POOR QuUALIiY
60' x 60' VERTICAL BORESIGHT NEAR-FIELD PLANAR SCANNER

The stationary scanner support structure will consist of a truss structure
composed of four vertical cclumns coupled together by horizontal trusses at
the top and fully cross-braced with trusses to prevent scanner sidesway. A
vertically adjustable moveable support frame (consisting of a fully
triangulated space frame) will be attached to guide rails at the corners of
the columns. The scanning plane is described by the motion of the antenna
probe tip. The antenna probe will be carried by a probe cart that travels
horizontally along a traveling beam truss structure that can also be moved
horizontally perpendicular to the motion of the probe cart. Laser
interferometer systems will be used to determine guide rail straightness,

horizontal axis probe position and vertical position of the moveable support
frame.

The scanner will be aligned by lowering the mnveable support frame and
vertically adjusting the horizontal rails on the moveable support platform
and the horizontal rails on the traveling beam in order to vertically adjust
the probe tip to an accurate plane.

Large (up to 50' aperture) deep (up to 46’ deep) antennas will be tested with
the moveable support frame raised so that the probe tip clears the highest
point of the antenna by a small number of wavelengths. Smaller antennas will
be measured by lowering the scan plane to clear the highest point of the
antenna by a few wavelengths and then testing over a scan plane smaller than
the 60' x 60' maximum capability.

N
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OF POOR QUALITY

COMPARISON OF U. S. NEAR-FIELD PLANE SCANNER CAPABILTIES

When the maximum scan dimension of currentiy available near-field planar
scanners is plotted against the maximum frequency capability of these
scanners, the maximum electrical size of the test antenna D/)\ can be
parametrically plotted as well. The resulting figure compares the
capabilities of the large U. S. near-tfield facilities in existence (or under
construction) with those in existence or planned at LeRC. Each facility is
represented by a symbol at the point representing its maximum size and
frequency capabilties. Only scianers having a maximum scan dimension of 2 2.5
m are shown. The LeRC vertical scanner was designed with appropriate
structural stability and alignment precision to support measurements at 60 GHz
without corrections. Based on achieved position accuracies, operation could
be extended to 100 GHz with first-order corrections for systematic errors.
Based on this, the potential for extended frequency range for the LeRC
horizontal antenna boresight scanner and the vertical boresight 60' x 60'
scanner are shown by dashed lines to a frequency capability of 100 GHz.

8 NBS 1972
% r % 6EQ. TECH 1972
r3 \ 8 WPAFB 1978
6000 RCA 1979
2 (0 MARTIN 1980
20 I Am e m— — > O L 1880
E g LERC (VERT. SC.) 1982
= \ TR 1982
<] D HUGHES 1983
a 15 D/» = 3000 A LeRC (ATL) 1987
= 0 \ *LARGER EFFECTIVE
g SCAN DIMENSION
> 10 ACHIEVED BY ANTENNA
g 1000 ROTATION
z \ Yo-====" = D = MAX. ANT. APERTURE
s | O o © @) CAPABILITY; D =
\ D 300 0.8 x (MAX. SCAN
D00 T~ DIMENS1ON)
N T el U DR
FAXIMUM FREQUENCY CAPABILITY (GHz)
DATE: DECEMBER 1932
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OF POOR QUALITY
ANTENNA TECHNOLOGY LABORATORY (ATL) DESCRIPTION

It is planned to permanently house both the existing 22' x 22' scan plane
horizontal antenna bcresight scanner and the 50' x 60' scan plane vertica)
antenna boresight scanner in an Antenna Technology Laboratory (ATL). The
interior dimensional requirements of the test cells and the environinental
specifications for these test cells are given in the figure.

%4 we e ™R LYY Ay

o LARGE TEST CELL SIZE (FOR 60’ X 60’ VERTICAL BORESIGHT NEAR-FIELD SCANNER)
INTERIOR DIMENSIONS - 79° X 79' 10* X 71’ HIGH (6,300 FT4)

o SMALL TEST CELL SIZE (FOR 22’ X 22' HORIZONTAL BORESIGHT NEAR-FIELD SCANNER)
INTERIOR DIMENSIONS - 42° X 42' X 33" HIGH (1,764 FT)

¢ ENVIRONMENTAL SPECIFICATIONS
-TEST CEL™. AND ASSEMBLY AREA AIR FILTRATION
99,97% EFFICIENT ON 0.3 MICRON OR LARGER PARTICLES (PRESSURIZED WITH 25%
OUTSIDE AIR TO MAINTAIN
CLEANLINESS)
-TEST CELL TEMPERATURE REGULATION
65° LOWEST WINTER TEMPERATURE AND 78° HIGHEST SUMMER T:MPERATURE
1°F TEMPERATURE VARIATION FOR EACH 10 FEET OF HEIGNT VARIATION
-TEST CELL HUMIDITY REGULATION
40 TO 6U% HUMIDITY RANGE

DATE: DECEMBER 1982
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ORIGINAL PAGE IS
ANTENNA TECHNOLOGY LABORATORY FLOOR PLAN OF POOR GUALITY

The figure shows the floor plan for the Antenna Technology iLaboratory. Large
antennas requiring the use of the 60' x 60' scanner would be brought into the
assembly and disassembly area where they would be removed from their shipping
containers. These antennas would then be mounted to an aopropriate cart for
transfer to the largc test cell. There, the antennas would be mourted and
supported from as many points as necessary on a concrete floor in order to
compensate for deflections caused by the force of gravity,

-
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CONCLUSIONS OF POOR QuaLITY

The direction of future antenna technology will be toward antennas which are
large, both physically and electrically, wiil operate at frequencies up to

60 GHz, and are non-reciprocal and complex, implementing multiple-beam

and scanning beam concepts and monolithic semiconductor devices and techniques.

The acquisition of accurate antenna performance measurements is a critical
part of the advanced antenna research pro-ram and represents a substantial
antenna measurement techno’ogy challenge, considering the special
characteristics of future spacecraft communications antennas.

Comparison of various antenna testiny techniques and their relative advantages
and disadvantages shows that the near-field approach is necessary to meet
immediate and long-term testing requirements.

The LeRC facilities, the 22' x 22' horizontal antenna boresight planar scanner
and the 60' x 60' vertical antenna boresight planar scanner (with a 60U GHz
frequercy and D/X = 3000 electrical size capabilities), will meet future
program testing requirements.

o SPACE BASED COMMUNICATIGNS ANTENNAS ARE RAPIDLY BECOMING PHYSICALLY
LARGER, MORE COMPLEX AND ARE OPERATING AT EVER HIGHER FREQUENCIES

o ACCURATE MEASUREMENT OF THE PERFORMANCE OF THESE ANTENNAS IS ESSENTIAL

o THE NEAR-FIELD ANTENNA MEASUREMENT TECHNIQUE IS THE MOST FEASIBLE
TECHNIQUE F.} OBTAINING THIS MEASUREMENT DATA

o NEAR-FIELD ANTENNA MEASURING FACILITIES CAPABLE OF ACCURATELY
MEASURING 'ARGE, HIGH FREQUENCY ANTENNAS WILL BE REQUIRED TO MEET
FUTURE PROGRAM TESTING REQUIREMENTS

o THE LeRC 22' X 22’ AND 60’ X 60’ PLANAR NEAR-FIELD SCANNERS WILL MEET
THESE FUTURE REQUIREMENTS

921
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THE NEED FOR SPACE FLIGHT EXPERIMENTS
AND TESTING IN THE DEVELOPMENT OF
LARGE SPACE ANTENNA SYSTEMS TECHNOLOGY

Earle K. Huckins III
NASA Langley Research Center
Hampton, Virginia

Large Space Antenna Systems Technology - 1982

NASA Langley Research Center
November 30 - December 3, 1982
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ORIGINAL PAGE IS

INTRODUCTION ~ OF POCR QUALTY

o TECHNOLOGY DEVELOPMENT FOR LARGE SPACE ANTENNA SYSTEMS CONTINUES TO BE A
HIGH=-PRIORITY OBJECTIVE BASED ON THE BELIEF THAT

— LARGE ANTENNAS ARE "NEEDED"
— FURTHER DEVELOPMENT IS NECESSARY TO REDUCE THE
COST AND TECHNICAL R1SK TO ACCEPTABLE LEVELS

0 MANY ELEMENTS OF THE TECHNOLOGY PROGRAM ARE REACHING A HIGH LEVEL OF
MATURITY IN GROUND- BASED DEVELOPMENT

0 HOWEVER, THE ULTIMATE MEASURE OF SUCCESS IN THESE PROGRAMS 1S THE

DEGREE TO WHICH THE TECHNOLOGY 1S UTILIZED iN FLIGHT SYSTEMS

IN NASA....

WE WILL SELL NO
FLIGHT EXPERIMENT

BEFORE ITS TIME
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WHAT DO WE MEAN BY A
"FLIGHT EXPERIMENT"?

ORIGINAL PAGE
IN SPACE SYSTEMS OF POOR Guor, Trg

0 A FLIGHT EXPERIMENT IS

A TECHNOLOGY DEVELOPMENT ACTIVITY TO
OBTAIN FLIGHT DATA
FLIGHT VALIDATE A TECHNIQUE, COMPONENT, OR SYSTEM

0 THE FLIGHT EXPERIMENT INCLUDES

TEST HARDWARE
TEST OBJECTIVES AND PROCEDURES

0  FLIGHT EXPERIMENTS ARE USUALLY CHARACTERIZED BY

RELATIVELY HIGH COST
LIMITED OPPORTUNITIES
HIGH VISIBILITY

FOCUSED PROJECT - TYPE ACTIVITIES

WHAT CONDITIONS ARE USUALLY NECESSARY

FOR A
"FLIGHT EXPERIMENT" TO BE UNDERTAKEN ?

0 A NEED FOR THE TECHNOLOGY TO BE DEVELOPED

0 THE TECHNOLOG!ICAL CAPABILITY IS REQUIRED FOR A BROAD
RANGE OF FUTURE HIGH-PRIORITY MISSIONS

0 THE TECHNOLOGICAL CAPABILITY IS NEEDED IN DIRECT SUPPORT
OF A SPECIFIC PLANNED MISSION

o

A SPECIFIC "NEED" FOR FLIGHT EXPERIMENTATION TO COMPLETE THF. TECHNOLOGY
DEVELOPMENT

0 THE TECHNOLOGY IS A CLEAR DEFARTURE FROM DESIGN PRACTICE
AND/OR FLIGHT EXPERIENCE

0 THE TECHNOLOGY INVOLVES FLIGHT - SENSITIVE PARAMETERS

925
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OF POOR QUALITY

MANY EXAMPLES FROM
THE PAST ILLUSTRATE
THIS HYPOTHESIS

FLIGHT EXPERI TS IN THE MANNED
SPACECRAFT PROGRAM

TECHNOLOGY : HEAT SHIELDS FOR BALLISTIC REENTRY

MISSION FLIGHT FLIGHT
NEED EXPERIMENT EXPERIMENTS
N=EDS (Typical)
o CAPABILITY TO SUUCESSFULLY o NO CAPABILITY EXISTED o PROJECT FIRE
REENTER THE ATMOS PHERE FOR GROUND-BASED
FROM ESCAPE VELOCITY SIMULATION

(25,000 MILES PER HOUR)
0 ANALYTICAL PREDICTIONS
VARIED BY AN ORDER OF
MAGNITUDE
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FLIGHT EXPERIMENTS IN SPACE SHUTTLE
DEVELOPMENT
TECHNOLOGY : LIFTING REENTRY BODIES

MISSION FLIGHT FLIGHT
NEED EXPERIMENT EXPERIMENTS
NEED (Typical)
o CAPABILITY TO 0 NO SIMULATION CAPABILITY M-2
o REENTER 0 NO FLIGHT EXPERIENCE HL-10
0 MANEUVER
PAGE 1S
o LAND LIKE oR\G‘N%“; QUA\.\TY
CONVENTIONAL of PO
AIRCRAFT
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FLIGHT EXPERIMENTS IN PLANETARY SPACECRAFT

TECHNOLOGY : AERODYNAMIC DECELERATION IN
LOW-DENSITY ATMOSPHERES

MISSION FLIGHT FLIGHT
NEED EXPERIMENT EXPERIMENTS
NEEDS (Typical)
o DECELERATE THE 0 NO EXISTING EXPERIENCE o PEPP
VIKING LANDER FOR WITH PARACHUTE DEPLOYMENT (PLANETARY ENTRY
TERM INAL DESCENT IN LOW DYNAMIC PRESSURES PARACHUTE PROGRAM)

o NO SIMULATION CAPABILITY o BLDT
(THE BALLOON-LAUNCHED

DECELERATOR TEST)
" E IS

ORIGINAL PRG
OF POOR QUALITY
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Separation 0 \@

~

Enter
stmosphere
250 km Q

Deploy

perschute
8400 m

Engine ignition
1200 m

Entry to landing

W 8 10 13 min

Lending
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ORIGINAL PANE 13
OF PCOR QUALITY

OBERVATIONS ON THE PAST

SPACE FLIGHT EXPERIMENTS WERE UNDERTAKEN WHEN

0 A NEED FOR THE TECHNOLOGY WAS
CLEARLY ESTABLISHED

0 DEVELOPMENT OF THE TECHNOLOGY
REQUIRED FLIGHT EXPERIMENTS

932
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SO WHAT COES THIS SAY ABOUT

LARGE SPACE ANTENNA
SYSTEMS

and, in particular, about

FLIGHT EXPERIMENTS

IN
LARGE SPACE ANTENNA SYSTEMS?

FIRST...WHAT IS A
LARGE SPACE ANTENNA SYSTEM ?

. iT IS A LARGE-AREA SPACECRAFT SYSTEM FOR TRANSMITTING AND/OR RECEIVING
ELECTROMAGNETIC ENERGY

LARGE ENOUGH THAT

IT CANNOT BE TRANSPORTED TO SPACE {N AN OPERATIONAL
CONFIGURATION AND MUST BE

=~ DEPLOYED

~ SPACE ASSEMBLED

STRUCTURAL DENSITY MUST BE LOW
— DIFTICULT (IF NOT IMPOSSI BLE) TO GRUUND TEST
— WILL REJUIRE MULTIPOINT CONTROL AND BE
SURJECT TO STRONG INTERACTIONS BETWEEN THE
STRUCTURAL AND CONTROL SYSTEMS

933
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CRIGINAL PAGE 1S
OF POOR QUALITY

LARGE SPACE ANTENNA SYSTEMS
ARE "NEEDED"

BECAUSE
0 MANAGEMENT OF ELECTROMAGNETIC ENERGY N SPACE

— COLLECTING
— FOCUSING
— RECEIVING (SENSING)
~ REFLECTING
— TRANSMITTING

IS ONE OF THE *AOST IM. DRTANT FUNCTIONS OF SPACECRAFT SYSTEMS

» il Thz "AANAGEMENT OF ELECTROMAGNETIC ENERGY, THERE ARE
FEW GOOD SUBSTITUTES FOR PHYSICAL APERTURE

SPEC'FIC NEEDS FOR FLIGHT EXPERIMENTS

IN LARGE SPACE ANTE.INA SYSTEMS

WHAT ARE THE SIGNIFICANT
DEPARTURES FROM CURRENT DESIGN PRACTICE
INVOLVING FLIGHT - SENSITIVE PARAMETERS ¢

0 SPACE-BASED FUNCTIONAL TESTING
0 FULL-SCALE DEPLOYMENT
0 STRUCTURAL ALIGNMENT AND SURFACE ACCURACY

0  MULTIPOINT CONTROL OF HIGHLY FLEXIBLE SPACE SYSTEMS
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DEPLOYMENT OF "LARGE" SPACE
ANTENNA SYSTEMS

. » e .
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% TR, .

e

CURRENT ADVANCED NEED
DESIGN DEVELOPMENT ULTIMATE
PRACTICE
o ATS-F 0 4-GORE TEST ARTICLE o HIGH CONFIDENCE
THAT LARGE
o WRAP-RIB 0 WRAP-RIB ANTENNA CAN
BE SUCCES SFULLY
0 METAL RIBS o COMPOSITE RIBS DEPLOYED IN SPACE
0 9-M 0 55-M
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TRUCTURAL ALIGNMENT AND SURFACE ACCURACY
IN
"LARGE" SPACE ANTENNA SYSTEMS

CURRENT ADVANCED ULTIMATE
DESIGN DEVELOPMENT NEED
PRACTICE
TDRSS 4-GORE SURFACE BREADBOARD o HIGH CONFIDENCE
THAT REQUIRED
0 RADIALRIB o HOOP-COLUMN CONCEPT SURFACE ACCURACY
CAN BE ACHIEVED
0 6-M o 50-M IN SPACE
0 15GHz ORIGINAL PAGE IS

OF POOR QUALITY
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CONTROL OF HIGHLY FLEXIBLE SPACECRAFT

CURRENT
DESIGN PRACTICE

o CONTROL OF "RIGID"
SPACECRAFT WITH
LOCALIZED FLEXIBILITIES

ADVANCED
DEVELOPMENT

(Typical)
LOCKHEED

PROOF OF CONCEPT
(P.0.C.)

ORIGINAL PAGE 18
OF POOR QUAL‘TY

ULTIMATE
NEED

A VALIDATED CAPABILITY
TO PRECISELY POINT AND
CONTROL THE FIGURE OF
STRUCTURAL SYSTEMS
WHICH

-~STRONGLY INTERACT
WITH THE CONTROL
SYSTEM

--CANNOT BE
STRUCTURALLY TESTED
ON THE GROUND
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SO...., ARE FLIGHT EXPERIMENTS “*NEEDED”

FOR THE DEVELOPMENT OF
LARGE SPACE ANTENNA SYSTEMS ?

YES.... BECAUSE

0 LARGE SPACE ANTENNAS ARE "NEEDED"

CRICINAL PA
GE
OF PoOR QUALIT'YS

0 LARGE SPACE ANTENNA SYSTEMS
SIGNIFICANTLY DEPART FROM
CURRENT DESIGN PRACTICE
IN AREAS THAT ARE SENSITIVE TO FLIGHT PARAMETERS

0 FULL-SCALE DEPLOYMENT FUNCTIONAL TESTING
0 VALIDATION OF SURFACE ACCURACY
o CONTROL OF STRUCTURAL SYSTEMS WHICH

— STRONGLY INTERACT WITH THE CONTROL SYSTEM
— CANNOT BE STRUCTURALLY TESTED ON THE GROUND

“ONE THING WE LEARN
FROM HISTCRY....

IS THAT WE NEVER
LEARN FROM HISTORY”
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CUGINAL PAGE 15
-z POOR [74ATY

EPILOG

+

0 WE STILL HAVE NOT FOUND THE HARD USER FOR LARGE SPACE ANTENNA SYSTEMS

o HOWEVER

0 "LARGE" SPACE ANTENNAS REPRESENT A PLATEAU IN SPACECRAFT
TECHNOLOGY RATHER THAN EVOLUTIONARY DEVELOPMENT

0 AND IN SUCH CASES

IDENTIFICATION OF THE FULL M1SSION POTENTIAL USUALLY
FOLLOWS TECHNOLOGY DEMONSTRATION

0 WE SHOULD THEREFORE
0 PRESS ON WITH THE GROUND - BASED TECHNOLOGY DEVELOPMENT

0 DOUBLE OUR EFFORTS TO "SELL" A WELL - CONCEIVED SYSTEMS TECHNOLOGY
FLIGHT EXPERIMENT TO ALL POTENTIAL USERS UNTIL

o THE USERS BECOME CONSTITUENTS
o THE "NEEDS" MOTIVATE A COMMITMENT

REFERENCE
1. Viking I: Early Results. NASA SP-408, 1976.
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A ROBOT IN SPACE AS A LARGE SPACE STRUCTURES CONTROL EXPERIMENT

Richard Gran
Grumman Aerospace Corp.
Bethpage, M.w York

Large Space Antenna Systems Technology - 1982
NASA Langley Research Center
November 30 - December 3, 1982
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CONTROL DESIGN ISSUES

The control systems design issues for large space structure were described
in a previous paper in this compilation (ref. 1). The figure below shows the
jssues in summary form. Each of them can be addressed by a robotics experiment.
Thus the following figure gives the seven reasons that an experiment which defines
a teleoperator or a robot or uses the RMS can be effective in answering the major
LSS control systems design issues.

LSS ControL RoBoTics 1w Seace

Dynamics of Comsinep FLexiBLE AnD Rigip Booy

Distursances anD THEIR EFFeCT ON CONTROL BANDWIDTH Vilration

Thermal,
solar,
etc,

Non-CoLLOCATED SeMSORS AND ACTUATORS

942



[

TS

- ohge

ORIGINAL PAGE IS
OF POOR QUALITY

CONTROL SYSTEM DESIGN ISSUES

1, BotH LSS AND RoBOTS IN SPACE MAVE MANY CLOSELY SPACED STRUCTURAL MODES BECAUSE
OF THE USE OF LIGHTWEIGHT MATERIALS.,

2. THE CONTROL REQUIREMENTS ARE DICTATED BY THE DISTURBANCES EXPECTED AND THE
SPEED OF RESPONSE REOUIRED TO ADEOUATELY MEET THE MISSION REQUIREMENTS,

3. For RoBOTS, SPEED 1S OFTEN SACRIFICED TO MAKE THE STRUCTURAL INTERACTIONS
UNIMPORTANT (DITTO FOR LSS CONTROL). THE REQUIREMENTS ARE OFTEN
COMPROMISED BY THIS APPROACH ( ACCURACY IS LOST OR SPEED OF MOTION
AND WASTED TIME FOR A ROBOT RESULTS?

4. IFr THE CONTROL BANDNIDTH 1S MADE LARGE, YKEN A STRUCTURAL AND CONTROL INTER-
ACTION RESULTS.

5. GEOMETRY CHANGES MAKE THE CONYROL STRUCTURAL INTERACTION DIFFICULT TO
DEAL WiTH (MODES CHANGE WITH GEOMETRY, BOTH THEIR FREQ. AND SHAPE).

6. To COPE WITH GEOMETRY CHANGES THERE MUST BE SOME FORM OF ADAPTATION.

7. SINCE MOTION OF Y{E END EFFECTOR IS CRITICAL, AND SINCE THE CONTROL IS NOT
ACHIEVED DY MOVING ONLY THE END EFFECTOR (ONLY THE ROBOT'S JOINTS),
NON-COLLOCATION OF SENSORS AND ACTUATORS 1S THE NORM, NOT THE EXCEPTION,,

943
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POOR QuaLITYy
TRIPLE-DUTY ROBOT/LSS CONTORL EXPERIMENT

The robot experiment does triple duty. It gives a robotics control demon-

stration, i1t brings the large space structures control technology to an effective

state of readiness, and it could provide a useful robot when the experiment is
finished.

1. DemonsTRATE Rosot ConTROL FOR FAST MANIPULATOR

0 GeoMETRY CHANGES
0 NoN-COLOCATION
0 Wipe BanDwiDTH

2. DemonsTRATE LSS ConTROL
0 AccomoDATE WIDEBAND DiSTURBANCES
0 PLus aLL Issues Asove
3. Desion anD DeMONSTRATE A DeExTROUS MANIPULATOR

Wgeron moton
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There are three major options in such an experiment. First, use the RMS.
Because cf design 1imitions, safety of fligh- considerations, and difficulty
with modifications of the computer for the RMS controller, this may not be the
most desirable alternative.

Second, use a flexible arm that is going to be put on the Shuttle for other
reasons (such as the handling and positioning aid (HPA)). Third, design a new
dexetrous manipulator or teleoperator.

..—l

Use the RMS
* To MAKE NON-COLLOCATED SENSORS AND ACTUATORS,
USE FEEDBACK FROM THE END EFFECTOR
* GEOMETRY CHANGES ARE THERE
* INCREASE BANDWIDTH OF CONTROL BY MOVING RMS FASTER
2. Use HPA
* More RIGID THAN RMS
* MAY NOT BE USED
3. SEPARATE TELEOPERATOR EXPERIMENT
* IN congumncTION WITH STEP
* MAKES SENSE FROM EVOLUTION OF ROBOTICS AND
TELEOPERATORS IN SPACE

943
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ORIGINAL PAGE S
HANDLING AND POSITIONING ARM OF POOR QUALITY

The HPA that Grumman has designed for JSC s shown in the figL s. This
device is attractive because (1) it offers the opportunity for use in ar exper-

iment, (2) the control system is not a safety-of-flight device, and (3) ;t roul)d
be combined with the STEP pallet,




REFERENCE

1. Gran, Richard: Reduced Order Control Design for Large Space Structures -
A Communication Satellite Example. Large Space Antenna Systems Tech-
nology, Part C, NASA CP-2269, 1983, pp. 625-648.
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C.S. Draper Laboratory
Cambridge, Massachusetts

Large Space Antenna Systems Technology - 1982
NASA Langley Research Center
November 30 - December 3, 1982

PRECEDING PAGE BLANK Nox EILMED

949

T

PR

A L



OR!GINAL PAGE I8
I. INTRODUCTION OF POOR QUALITY

Experience gained through the Shuttle Orbital Flight Test (OFT)
program has matured the engineering understanding of the Shuttle
on-orbit control system. This paper will briefly review the geneology
of the control systems(called digital autopilots, or DAPs, and used by
the Shuttle for on-orbit operations), examine tha flight experience
gained during the flight test program within the context of pre-flight
analysis and test results, and address issues for the operational
phase of the Shuttle, including constraints upon both operations and
analysis still required to increase confidence in the Shuttle's ability
to handle capabilities not experienced during the flight test pro-
gram.

Two orbital autopilots have resulted from computer memory and
time constraints on a flight control system, with many different,
flight phase unique requirements, The transition DAP, used for
insertion and deorbit, has more active sensors and redundancy but a
less complex data processing scheme excluding state estimation with
fewer choices of operational mode. The on-orbit DAP has capabilities
to support operations and long term orbit operations, but generally :
has only a subset of the sensors available for data acquisition, ;
requiring state estimation.

Extensive pre-flight simulation and design analysis permitted
good prediction of performance whenever the environment was properly
modelled. OMS residuals, RCS propellant usage, and flexure
sensitivity during flight tests were close to expectation,

Most unexpected DAP response in flight can be traced to
unmodelled disturbances. Recognition of these factors and their
incorporation into simulation have permitted good reconstruction of
flight data.

Vernier jets have been found to be limited in life with high
duty cycle rates in flight. High maneuver rates, large disturbance
torques, and procedural errors inducing simultaneous commands from
two control laws have all been responsible for increasing vernier
activity. Procedures must be cara2fully constructed to maximize
vernier life, Deadbands must be kept as large as possible, maneuvers
may require primary jets more often, and some restrictive software
lockouts will be required.

o TS <

Bu o R el ©1_

Finally, much work remains to be done to assure effective
orbiter control during payload operstions. Payload/orbiter dynamic
interaction could induce excess RCS activity without adequate control
margins being provided by effective pre-mission screening. RMS
dynamics can couple into the orbiter dynamics, and mission specific
DAP I-loads must reflect these effects.,

it Bl b sty )
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TOPICS OF DISCUSSION

The orbital flight digital autopilots (DAPs)
Flight experience versus pre-flight test results

— Most in-flight performance as predicted in simulation

—  Transition DAP showed expected orbiter flaxure sensitivity

— Some unmodelled disturbances affected DAP performance
Some suggested constraints on future missions based on flight experience

Analysis required to support undemonstrated capabilities

951
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OF POOR QUALITY
II. THE ORBITAL FLIGHT AUTOPILOTS

There are two orbital Digital Autopilots (DAPs) which operate at
all times from main engine cutoff in ascent to entry interface at
descent. Originally only a single autopilot was developed, but
computational and memory constraints from a multitude of flight phase
specific requirements necessitated a division into two separate
autopilots.,

The Transition DAP operates during orbital insertion and deorbit
and includes orbiter stabalization between Space Shuttle Main Engine
(SSME) cutoff and External Tank (ET) separation, the re-orientation,
orbit circularization, Orbital Maneuvering System (OMS) burns, the
Jdeorbit burn, and dumping of excess forward Reaction Control System
(RCS) propellant for entry center-of-gravity control.

The On-Orbit DAP includes all payload deployment related
capabilities as well as orbit maintenance and maneuver functions,

The differences in functional requirements of the two DAPs led
to different sensor and actuator configurations as well as different
data processing mechanizations. The Transition DAP with coarse
attitude control requirements excludes use of the six 25-1b vernier
jets. Rate Gyro Assemblies (RGAs) are available for angular rate
data due to ascent and entry requirements for these sensors,
Inertial Measurement Units (IMUs) are operational at this time but
CPU time constraints permit incorporating the IMU data only once
every 960 ms which is inconsistent with the DAP cycle time of 80 ms.
Therefore, the IMU is used only to correct the RGA bias with rates
and attitudes derived directly from the RGA data (through digital
bending filters which have been added for STS-5 and subsequent
flights). For the sake of design simplicity, no state estimation is
done, which makes the control system sensitive to the Multiplexer/
Demultiplexer (MDM) quantization of 0.04 deg/sec in pitch and yaw and:
0.08 deg/sec in roll. The RGA data is corrupted by random noise with
a 1 sigma value of approximately one gquantum.

The On-Orbit DAP includes all RCS and OMS system capability.
RGAs are not available, requiring state estimation using IMU data to
obtain angular rate and disturbance acceleration information. The
IMU is processed every 160 ms with an 80 ms DAP cycle time, thus
requiring extrapolation as well as estimation.

Redundancy requirements vary between the two DAPs. The
Traniition DAP does all the flight critical operations in orbit,
necessitating use of all three IMUs and four RGAS as well as four
primary General Purpose Computers (GPCs). The On-Orbit DAP, used for
most of the typical mission, functimnns in a power-critical
environment, Usually one IMU and two GPCs are used, although a full
complement of threev IMUs may be made temporarily available for
critical operations.

952
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THE ORBITAL FLIGHT AUTOPILOTS

®  Orbital flight control spans all three flight phases from main engine cutoff
to entry interface, each with unique requirements
~—  Orbital insertion
®  Mated orbiter/ET coast
s  ET separation
m  OMS-1/OMS-2 orbit circularization burns
—  On-orbit operation
s Payload operations {tight attitude control may be
required)
RMS operations
Proximity ope-ations
RCS/OMS orbit changes
inertial or LVLH maneuvers and track
Propellant use balancing

it

- Deor

Deorbit burn
RCS propellant dump

[ I I

TRANSITION/ON-ORBIT DAP
TYPICAL FLIGHT PROFILE

ON-ORBIT/PAYLOAD
OPERATIONS

M

ON-ORBIT DAP
(OPS-2)

DOORS
le—— OMS-2 BURN CLOSE

MANEUVER TO
«—— MAIN ENGINE
CUTOFF ENTRY INTERFACE

ATTITUDE
ASCENT ENTRY

ORIGINAL PAGE 19
OF POOR QuALITY
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THE ORBITAL FLIGHT AUTOPILOTS (CONT.) OF POOR QuALfTY

e Computer core and CPU time overloads from multitude of non-overlapping

functions forced split of the three phases into separate software loads with two DAPs

~ Transition for insertion and deorbit
—~  On-orbit

® Transition DAP has maximum avionic redundancy and design simplicity to
support flight critical operations
~ All sensors and computers powered to span critical flight burns
~ RCS capability only that required for doors closed operations
(primaries only)

®  On-orbit DAP has full payload support capability
~— RCS capability includes options for payload activity
@ Choice of primary and vernier operations
8 RCS control can be optimized for RMS operations in
several positions
— Attitude control precision possible to 0.01 deg relative to sensor
platform

® Data processing differs between DAPs

— Transition DAP uses rate nyro assemblies (RGAs) without state
estimation
®  RGAs available due to ascent and entry requirements
®m  State estimation eliminated to save core (reduced
accuracy of state knowledge acceptable for transition)

—  On-orbit DAP uses inertial measurement unit (IMU) as only
attitude/angular rate sensor with state estimation
®  RGAs powered down to conserve energy

8  Reduced CPU time load compared to insertion permitted

6.25 Hz IMU read rate
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TRANSITION DAP

RGAs
{four)

Y

ANALOG
ROLLOFF
FILTER

}12.5 H2

ATTITUDE ‘GA
PROCESSOR bias
(includes quad correction
mid-value
selection)
. \STS—S and subsequent
~a flights
DIGITAL
FILTERS
-
-
“Messured

sngular
rates

RCS
DAP

ORIGINAL PAGE IS
OF POOR QUALITY
SENSORY DATA PATHS TO DAP
ON-ORBIT DAP
IMUs MU
(three) {one)
T 1.04 Hz y 6.25Hz
ATTITUDE
PROCESSOR ATTITUDE
{includes PROCESSOh
mid-value ‘
selection)
125 Hz STATE
"] ESTIMATOR
attitude
increments feed estimated messured
forward angular attitude
RCS rates
angular
rate change
estimates ;
RCS
DAP
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I1I. FLIGHT EXPERIENCE VERSUS PRE-FLIGHT TEST RESULTS

The dynamical features ot the two orbital autopilots were
extensively tested and well understood by the design community before
the first Shuttle flight. Consequently most flight experience has
validated expected performance, However, some unexpected in-flight
disturbances produce interesting responses characteristic of the
unique dynamics of each DAP.

Precise OMS and RCS control has been demonstrated for both DAPs
within the limits of the RCS and OMS actuator granularity. Also, the
on-orbit DAP, with state estimation, shows the expected resistance to
orbiter-alone flexure modes st 0.47 Hz or higher frequencies,

The transition DAP, with. it the digital filters on the first
four missions, was sensitive to flexure at frequencies beyond 4 Hz,
Main engine slewing during orbiter/ET mated coast excited one such
mode inducing rate oscillations sufficient to induce 1.04 Hz periodic
RCS firings (1.04 Hz was the SSME step rate). The r:.sults are
illustrated in the figures that follow.

The transition DAP is also .ulnerable to variable initial
conditions, such as on STS-3 where an early auxiliary power unit (APU)
shutdown occurred, causing an unsymmetric SSME thrust tailoff with
high initial rates on the mated orbiter/ET configuration. A special
high rotation acceleration feature of the transition mated coast
logic proved valuable in assuring that the rates were properly damped
before ET separation 12 seconds after transition DAP initiation.

The on-orbit DAP showed response signatures to several
unanticipated disturbances. Included were payload bay door motion
and remote manipulator system (RMS) activity induced orbiter rate
disturbances,

Plume impingement of expanding gas jets on orbiter structure
affected both DAPs. Residual cdump of SSME propellants at OMS-1 burn
initiation caused hydrogen impingement on the port wing with the
resultant roll rate disturbance and OMS pitch actuator transient that
is illustrated, The on-orbit use of vernier jets caused jet plume
impingement on the body flap with a resultant reduction of net
thrust, Due to a feed forward extrapolation feature of the state
estimator based on preflight jet acceleration estimates, significant
estimator transients occurred, as illustrated, causing increased vernier
propellant usage and duty cycles.

Trapped water in the tiles on STS-4 was found to induce a
diurnal disturbance torque response., Effective gravity gradient
attitude hold capability was precluded until water bakeout. The
disturbance is illustrated, as is the gravity gradient hold profile
after bakeout,

956
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FLIGHT EXPERIENCE VERSUS PRE-FLIGHT TEST RESULTS

®  Most in-flight performance as predicted in simulation

—  Nominal OMS burns producs residus! velocities of 0.2 ft/s/axis
or less

—  Tight attitude control feasible with the RCS
8 Primary jet behavior good to below 1.0 deg deadband )
and 0.2 deg/s rate limit
®  Vernier jet behavior good to well bolow 0.1 deg
deadband and 0.02 deg/s ra*e limit

- On-orbit DAP insensitive to orbiter flexure during RCS activity ;
®  Lowest orbiter frequency (with doors opened) is
047 Hz

®  Estimator attenuation at 0.47 Hz is st least a factor ]
of 20 (doors closed frequencies are higher, so ]
attenuation is greater) 3

i
o
[
“

ON-ORBIT DAP
STATE ESTIMATOR FREQUENCY RESPONSE

i
1.0¢
8 |
B i VRCS PRCS
= s 0.1 E
< 047 Ha2
MAXIMUM -
GAIN FOR i
. ORBITER ALONE
% FLEXURE MODES |
2 Laaaaal a—aaaaaaal A A -
0.01 0.01 0.1 1.0

FREQUENCY (Hz)
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FLIGHT EXPERIENCE VERSUS PRE-FLIGHT TEST RESULTS (CONT.)

®  Expected transition DAP sensitivity to direct use of flexure-sensitive rate
gyro data caused in flight RCS response to main engine slewing

—  Flight response somewhat worse than expectstion due to closer
than predicted correlation between mated coast pitch mode
frequency and DAP cycle time {frequency approximately 4
minor cycles)

—  Filters already added as of STS-5 should eliminate RCS response
to orbiter bending modes

¢  Some unmodelled disturbances affected DAP performance
—  Early ascent auxiliary power unit shutdown on STS-3 caused
high initial mated coast rates

®  Stuck main engine throttle position caused unsymmetric
thrust tailoff

8 Mated rates at start of transition DAP were (-0.08, -0.5,
+0.5 deg/s)

a8 Substantial RCS activity was required to damp rates
before tank separation

FLEXURE INDUCED TRANSITION DAP RCS ACTIVITY
STS-2 MATED COAST PITCH RATES FROM 12,5 Hz SAMPLED DATA DOWNLISTED

ORIGINAL PACE 18
OF POOR QUALITY

BY THE BACKUP COMPUTER
¢
-J- 0.5 dua/s A
MECO TO DUMP SSME
SLEW BEGINS AND
MECO TUMBLE VALVE OPENS ET lseu;»
1 ] s
—_—e— _—'— v v L] - - il b - -
y } o[ | [ V7

RCS PULSE
AT EACH - -0.5deg/s RATE LIMIT {---F--1=-4-- 4 k- f- b mmeee o v e e
CROSSING

0 316 15 18 41.0000 316 15 18 47.0000 316 15 18 53.0000

— t{GMT d:h:m:s)
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FLIGHT EXPERIENCE VENSUS PRE-FL.GHT TEST RESULTS {CONT.)

e  Some unmode'led disturbances (Cont.) ORIGINAL PAGE IS

OF POOR QUALITY
—  Vehicle rates ars affected by payload door motions
s Opening or closing of one door at a time provide: disturbance
accelerations up to 0.006 deg/s2

~  Insdequsts preflight plume impingsment modelling influenced system
behavior
8  LH2 dump during OMS-1 burn produced peek orbiter roll
rates of -0.8 deg/s due to plume impingment on port wing
s  Aft down firing vernier jet impingement off body flap causes
45+ thrust loss
®  Pitch ¢ wntrol acceleration very unsymmetric
{+pitch control/-pitch control = 2,2)
®  Unmodelled effect degraded state estimator performance
on STS-1
@ Vernier duty cycles wers higher than predicted until
DAP |-loads were revised to include impingement
effects

= Active sttitude control during RMS motion incresses RCS activity

s STS-3 unloaded arm tile survey caused 1% vernier duty
cycle with 0.3 deg deadband

OMS-1 LH, DUMP DISTURBANCE PROFILE FROM STS-1

+1
ORBITER
ROLL RATE 0
{deg/s)
R || U TR TR T U TOW TR W TS W W Wy
10
LEFT OMS
PITCHGIMBAL ol A/ \ . o
POSITION
(deg)
B [ L e e e
10
RIGHT OMS
PITCH GIMBAL 0
POSITION VW-—VW
(M) ‘10 IUWUYE PUTEY U TTE TGS S DU H WowOw e
TiG i 20

TIRIE (s)
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STS-1
VERNIER PITCH RATE OVERSHOOT
0.02
0.01 STATE ESTIMATOR “CATCHUP”
ESTIMATED /-——- e \
PITCH RATE 0.00| PREDICTION
(deg/s) OVERSHOOT \ ~
?n:’rgggemsm
-0.01 i
-0.02 1 i ] | I L1 1 I
0 10 20 30 40 50 60 70 80 90
TIME (s)
~FT DOWNFIRING VERNIER JET FORCE MAGNITUDE (Ibf)
MODELED (STS-1) MEASURED
240 13.2

FLIGHT EXPERIENCE VERSUS PRE-FLIGHT TEST RESULTS (CONT.)

e  Some unmodelled disturbances {Cont.)

- Volatization of trapped water ir thermal tiles can prevent
passive attitude control

. Gravity gradient/aero torque balance test early in
STS-4 mission aborted with 100+ deg roll attitude
error due to unpredicted venting

960

Gkt - b -

e B LT I

T e

PO ™S



‘ §TS-4 SECOND GRAVITY GRADIENT TEST
(ON MET DAY 1 WITH VOLATIZING WATER)

CRUGINAL prOE 18
OF POOR QUALITY

0 {

L
» 00y SUNRISE
. -0.08 rExy = 485 ft-ib
: -0.00}
012}
-0.15}
-0.18}
01}
0¥ a2 B8 4 30 48
178/21:26 178/22:48

GMT (minutes)

ROLL RATE (deg/s)

}
STS-4 MET DAY 2 GRAVITY GRADIENT TEST

: (AFTER VENTING STOPPED)
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MISSIONS BASED ON FLIGHT EXPERIENCE

Operational experience with the on-orbit autopilot and
supporting hardware has demonstrated some responses in particular
applications that produce some undesirable propellant expenditures
and potential reduction in vernier jet life.

The verniers have been found to have less of a lifetime duty cycle

capability than expected, with the ultimate limits determined in
part by cyclic thermal shock effects in the ceramic jet lines. The
rotation control capability of the vernier jets is highly coupled
between body axes, making many duty cycles inevitable to achieve
commanded rate changes. Experience has shown that high vernier
maneuver rates (above 0.2 deg/s) compound the situation because of
excessive jet on time, With tight rate limits and deadbands along
with high maneuver rates, the limit vernier control authority may
induce a target attitude overshoot with required rate reversal,
resulting in extra jet activity (as illustrated). Also, RMS motion
induces orbiter rate changes sufficient to increase vernier
activity. Use of APUs on-orbit to test aero surfaces can cause
venting torques, which tax vernier control, causing high cycle rates
and high peak jet temperatures,

Crew procedural errors can also increase vernier activity. An
open loop angular rate compensaticn capability exists which can be
inadvertently selected with phase plane control active (this will
change starting STS-12). As is illustrated and has happended
several times in flight, the simultaneous commands derived by two
incompatible control laws result in very high vernier cycle rates,

The lesson flight experience suggests is to restrict vernier
usage to low maneuver rates, use primaries with large disturbances,
and carefully select rate and attitude deadbands to conform with the
true requirements, Failure to observe the guidelines could increase
operational cost due to frequent jet changeout, and reduce orbit stay
time from excess propellant expenditures. Also, software lockout of
any simultaneous use of incompatible control laws seems advisable.
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ORIGINAL PAGE 1S
OF POOR QUALITY

SOME SUGGESTED CONSTRAINTS ON FUTURE MISSIONS BASED
ON FLIGHT EXPERIENCE

Verniers must be protected against axcessive duty cycling {thermal shock
forced replacement after STS-4)
—~  Use primaries for maneuvers at rates higher than 0.2 deg/s
®  Low vernier control authority causes mansuver
overshoot whan stopping high rates with extra
jet activity to damp out errors
~—  Use primaries when doors ara closed
a  Evaporstors ohserved to cause large disturbance
torques which stress vernier control capability
—~  Restrict vernier use when RMS motion commanded
8 Momentum exchange of payload and orbiter during
RMS acceleration can cause much unnecessary jet
activity to control orbiter rates {as seen from STS-3
unloaded arm tile survey — affect will ba much worse
with payloads) ‘
—  Avoid use of open loop rotation rate compensation during closed
loop attitude control
8 COAS alignment maneuver on STS-3 caused high duty
cycling due to incompatibility of compensation and
phase plane control laws
a  Closad loop control compensation inhibit has been
approved effective STS-12
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EXAMPLE OF POOR QUALITY

S$TS-3 HIGH RATE VRCS MANEUVER
(RATE INCREASED BY CREW WHEN MANEUVER WAS IN PROGRESS)

140
& 1 deg DEADBAND
c 120 0.02 deg/s RATE LIMIT
w 100
a
2 80
E e
2
>
a 20
<
% 48 80 b2 NG/ 56 o8
13° OVERSHOOT
TIME (minutes)

VRCS MANEUVER WITH ROTATION COMPENSATION
(AFTJET ACTIVITY FROM SIMULATION REPRODUCING STS-3
COAS MANEUVER WITH 0.003 deg/s COMPENSATION THRESHOLD)

ON+
L5L
OFF e e |
gt T -
L5D
OFF{
ON+
JET
RGR J
oFr{- ALY L
ON-+
JET
R6D
OFFJ
] L 20 30

TIME(s)
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SOME SUGGESTED CONSTRAINTS (CONT.)

Carefully choose attitude deadbands and maneuver rates to save propellant
and duty cycling during maneuvers

—  Excessively smail deadbands during maneuvers cause target
overshoot with extra RCS recovery activity (similar to
effect of high VRCS maneuver rate)

—  Care must be taken when collapsing deadbands
®m  PRCS tight deadband test on STS-4 never arhieved
stable limit cycle in allocated time (~2 min.) due
to excessive residual yates when deadbands were reduced

& Tight deadbands with high maneuver rates specified
can cause repeated cycling to maneuver mode to
corract large transient errors
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IV. ANALYSIS REQUIRED TO SUPPORT UNDEMONSTRATED CAPABILITY

Payload deployment experience thus far is restricted to PAM-D
use on STS-5 and manipulation of RMS payloads less than 1000 lbm on
STS-3 and 4. Many dynamical interactions between different classes
of payloads, the orbiter, and/or the RMS are possible, some with
undesirable forced RCS oscillations resulting if the DAP closes the
control loop.

Studies of dynamic interaction must be conducted which quantify
the influences of different types of dynamical coupling such as from
flexure and rotating bodies., In each case a method must be devised
to evaluate stability and control margins available that are needed
to contend with unanticipated disturbances either external or
introduced by the crew,

In the case of the RMS, envelopes of acceptable operation must
be derived as a function of payload characteristics. Alternate
I-loads slots are available for vernier use during RMS operation, but
they can effectively be used only after computational methodologies
to generate the I-loads are developed which incorporate arm flexure
effects, Simultaneous orbiter attitude control during commanded RMS
motion can complicate the analysis, particularly for large payloads.

Clearly the orbital envelope of operation has not been stretched
to anywhere near the intended limits. Further analysis, verification,
and possibly DAP design updates are required to permit many desired
payload support operations,

ORIGINAL PAGE IS
OF POOR QUALITY
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ANALYSIS REQUIRED TO SUPPORT UNDEMONSTRATED CAPABILITIES

e  Payload/orbiter dynamic interaction studies
— Influence of payload manipulations on FCS closed loop
operation must be quantified

8  [Inertial effects
®  Flexure effects
@  Spinning peyload coupling effects

— Required control margins must be specified for payload
®  DAP parameter variation effects to be included
®  Payload physical characteristics must be taken

into account

e RMS/FCS closed loop behavior
— Stationary arm control envelopes must be evaluated as a
function of payload mass properties
— Maethod for optimal selection of DAP |-loads for payloads
deployed on the arm to be devsloped
— Effects of attitude control during commanded arm motion
must be studied

967



et

: S
N83 26901 22

ORIGINAL PAGE 13
OF POOR QUALITY

SPACE TECHNOLOGY EXPERIMENT PLATFORM (STEP).
A SHUTTLE-BORNE SUPPORT FACILITY
FOR STRUCTURES, STRUCTURAL DYNAMICS, AND
CONTROL TECHNOLOGY FLIGHT EXPERIMENTS

Jack E. Harris and Larry D. Pinson
NASA Langley Research Center
Hampton, Virginia

Large Space Antenna Systems Technology - 1982
NASA Langley Research Center
November 30 - December 3, 1982
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INTRODUCTION OF POOR QUALITY

The NASA Office of Aeronautics and Space Technology
(OAST) is actively planning future utilization of the Space
Transportation System (STS) for technology experiments in space.
STEP is the acronym for the Space Technology Experiment Platform,
a Shuttle-borne experiment support facility for use by structures,
structural dynamics, and controls technology flight experiments.

STEP represents a key element in OAST's commitment to STS utilization.

The STEP concept is undergoing definition for OAST by
Langley Research Center,

This paﬁer discusses the STEP concept and definition process,
summarizes the results obtained to date on the configuration and
function capability, and presents preliminary schedule information.
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ORIGINAL PAGE I8
STEP CONCEPT OF POOR QuALITY

As mentioned in previous papers, flight experiments are
required in order to accelerate the use of new and high-risk
technology that holds promise for new capability, improved
performance, and reduced costs. This is particularly true in
new technologies for large, lightweight and flexible structures.
Maturing ground technology programs in these areas are reaching
the point at which further progress and valuable data need to be
obtained in the relevant environment of space.

As illustrated in figure 1, STEP's objective is to provide
a8 link between the structures, structural dynamics, and controls
research community (NASA, other governmental agencies, universities,
and industry) and the relevant space environment conditions (zero
gravity, absence of atmospheric damping, and wide thermal excur-
sions) which are accessible through the use of NASA's Space Trans-
portation System (STS). If one thinks of the STS and the Space con-
ditions it can access as being analogous to a wind tunnel, STEP
becomes the sting balance upon which test articles are mounted
within the tunnel.

To provide such a link, STEP should be configured specifically
to support these disciplines and should be responsive to the spe-
cialized weight, volume, measurement instrumentation, and opera-
tional requirements that they impose.

To facilitate easy access to the STS and to provide a cost-
effective link, STEP should utilize standardized hardware and
management interfaces with the STS to the maximum extent possible,
consistent with the experiment requirements.

To serve the research-oriented user community effectively,
STEP should be operated as a research facility and should be respon-
sive to evolving research opportunities. These opportunities will
involve a series of flight experiments conducted over a span of
several years, thus requiring STEP to have a capability for reuse
several times per year,
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PROVIDE SPACE ‘ CONSISTS OF:
ENVIRONMENT: | , « NASA
C  OTHER GOVERNMENT
« ZERO GRAVITY R ORGANIZATI ONS
g « UNIVERSITIES
" A ARpING | TOOPHERIC  GONFIGURED TO: « INDUSTRY
: « SUPPORT STRUCTURES, DYNAMICS
" s AND CONTROLS D1SCIPLINES

® UTILIZE STANDARDIZED HARDWARE
AND MGMT, INTERFACE WITH STS

© OPERATE AS A RESEARCH FACILITY
o PROVIDE MULTIPLE FLIGHT CAPABILITY
* MANAGED BY LaRC

Figure 1.- STEP concept.
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SYSTEM DEFINITION STupy OF POOR QuaLmry

The Langley Research Center's STEP Project Office is
conducting an in-house definition study cf the STEP concept.
The process of definition is illustrated in figure 2. Several
potential large space strvictures, structural dynamics, and
controls technology flight experiments were used to synthesize
mission requirements. These requirements, coupled with STS
capabilities and constraints and STEP ground rules, were used 2s
drivers for system and subsystem requirements and have culminated
in a prelim.nary statement of STEP capabilities.

Figure 3 illustrates several typical flight experiments that
were used to synthesize weight, volume, data handling, command,
and power requirements. These particular experiments were used
because they represented different iev.ols of complexity. MAST
represents component level technology experiments, while the
structures/control interaction experiment has an all-nup system
flavor tending to define the upper boundary on requj. .d capability.
Experiment classes that are simpler than MAST are also being con-
sidered to ensure that the STEP interface mechanization does not
force an otherwise inherently simple experiment to become complex.

An initial definition task involved the selection of an
appropriate payload carrier to serve as the basic structural
interface with the Shuttle orbiter and to provide for mounting
the flight experiment and STEP electronics. Figure 4 lists the
options considered, identifies the option selected, and summarizes
the selection rationale.

The Mcdular Paylvad Support Structure (MPSS) being developed
by MBB in Germany consists of basic carbon fiber struts and
titanium node elements from which a variety of configurations can
be assembled. British Aerospace is developing derivatives of the
basic Spacelab pallet to provide half-pallet and quarter-pallet
sections to increase modularity. The Multipurpose Experiment
Suppurt Structure (MPESS) developed by Teledyne Brown Engineering
is an aluminum truss structure bridging the cargo bay which is
attached to the orbiter through trunnions and a keel fitting. The
Experiment Sugport System (ESS) is being developed for the Air
Force by Lockheed Missiles and Space Corporation.
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STEP
CAPABILITIES

Figure 2.- STEP feasibility and system definition process.

MAST STRUCTURES/CONTROLS
INTERACTION

Figure 3.- Typical flight experiments.
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PAYLOAD CARRIER OPTIONS
CONSIDERED

® SPACELAB PALLET

® MODULAR PAYLOAD SUPPORT STRUCTURE (MPSS)

® SPACELAB PALLET DERIVATIVES

® MULTIPURPOSE EXPERIMENT SUPPORT STRUCTURE (MPESS)
® EXPERIMENT SUPPORT SYSTEM

OPTION SELECTED

SPACELAB PALLET

RATIONALF

- PALLET STRUCTURE DEVELOPED AND SPACE QUALIFIED WITH FLIGHT EXPERIENCE

IN THE SORTIE MODE
- MATCHES WEIGHT AND VOLUME NEEDS
- PHYSICAL AND MANAGEMENT INTERFACES DEVELOPED
- CONSISTENT WITH NASA/ESA AGREEMENTS

Figure 4.- Payload carrier selection.

MBB
BAE
TELEDYNE BROWN
LMSC
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STEP CONFIGURATION OF POOR QUALITY

The configuration being considered for STEP is shown in
figure 5. This configuration is comprised of three major elements:
(1) a standard Spacelab pallet, (2) a modular experiment interface
structure, and (3) pallet-mounted electronics.

The Spacelab pallet is a rigid U-shaged structure about
2.9 meters long attached to the orbiter through trunnions and
keel fittings. The pallet provides a standardized structural
interface with the orbiter. The plan is to obtain the Spacelab

gallet from NASA's Spacelab pallet system inventory on a dedicated
asis.

The experiment interface structure element consists of three
modular shelf- -type sections that tie into pallet hard points. The
two outboard sections are each roughly one-quarter of the pallet
length, while the center section is approximately one-half the
length. The sizes are chosen to correspond with the pallet hard
point locations and to provide modular flexibility,

In addition to the shelf sections, a unit for one degree of
freedom rotation is provided to accommodate experiments that
require stowage horizontal with respect to the orbiter cargo bay
during launch, descent, and landing but need to be rotated to a
vertical or near-vertical position for operation. A quarter-
section shelf is used for this mode to maximize available volume.

Experiments that can be vertically accommodated within the
Shuttle cargo bay door envelope will be mounted directly on the
shelf sections, with the number of sections used in this mode
dependent upon the experiment mounting footprint,

The STEP electronics are mounted either on pallet-provided
cold plates or directly to the pallet, In figure 5, electroaics
are shown packaged in a single box directly beneath a shelf section,

but they may also he mounted on the sloping surfaces of the pallet
in a distributed manner.
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ELECTRONICS
PACKAGE

KEY CLEMENTS

® ~'ACELAB PALLET
e MODULAR INTERFACE STRUCTURE
® PALLET-MOUNTED ELECTRONICS

Figure 5.- STEP configuration.
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STEP FUNCTIONAL CAPABILITY

Figure 6 outlines the functional capability envisioned
for the STEP subsystems. The feasibility and system definition
activities have not been completed; thus, these stated capabilities
represent a preliminary baseline,

STEP capability can be summarized in the following manner,.
STEP is a software-controlled system that provides autonomous
command, control, data handling and storage, thus freeing the
experimenter from many restrictions normally incurred by having
to integrate: experiment software and data storage needs within
available Shuttle orbiter resources and time lines,

SUBSYSTEM CAPABILITY
SPACELAS PALLEY * MECHANICAL SUFPORT AND ALIGNMINT O

ALL STEP KLFCTRONICS AND INTIRFACH
STRUCTURE AND MECHANTSNS

* THERMAL COOLING FOR STUR DDICTRONICN
AND THERMAL COOLING INTIRIACE YOR
LXPERINERY LLEFCTRONICS

* STANDARDIZED MECHANIUAL INTEREACY
WITH SHUTTILE ORRITER

INTERFACE STRUCTURE AND 4 PROVIDES MOUNTING, LATCH AND RiMiANL,
MECHANI SMS CONTROLELD TRECTION, AND .1 T1USON

O ACCOMMODATEN TXPERIMENT BELGIN w1
SO0 RGS

©AUCOMNODATEN PACMAGED EAPERINMENT VO
U TO VM DIAMETIR AN VARVARIY LENGTH
UP T e m

DATA HANDLING AND STORAGE *OFROVEDES COLUIUTION, TORMATTING, MUGNAY
CONDYTIONING, MUETUPLLXING, NTORAGE, AND
Ir\::nsnn OF STER AND EXPERTMINT GEN) RATED
A

¢ ACCOMNODATE BXPERIMINT DATA COMPOSED
PRINARILY OF LOAD, STRAIN, DISPLACENENY,
ACCULIRATION AND TEMPERATURE T\M
NEASURUMINTS FROM IN STTU OR RENDTE SENSORN

PRV 0% MIT STORAGE
S PROVIDE DONNLIN OF DATA V1A ORRITIR
AN RAND L INA

COMMAND AND SEQUENCING * PROVIDE POR CONTROL OF SYEP AND § XM RININY
SURSYSTENS AND UNETS V1A PRU STORED COMNAND
SEQUENCLS DISTRUMITED AN DINCRETUN OR
COPMD NORDS

PERFORN L INIT CHECAS AND RESPOND TO
INTUARUPTS ACCORDING T STORED AL GORTTHMS
TOALTER SPQUINCES

S PROVIDE RANNED INTERACTION VIA KLYROARD
DISPLAY UNIY N AFT FLIGHY Dron

S PROVIDL FOR SOFTRARL UPDATE VIA UP LINK

THROGH ORRETER
POWER DISTRIBUTION AND S OPROVIDE CERTRAL SUFPLY OF POKIR T OFRATY
Cmmu RUUE AND PXPIRIMENY NURSYNTIN AND UNIN

S OPROVIDE RTQUERED SHUTCHING AND CONTROL
PUNCTIONS FOR PONLR MANAGENINT AND
DISTREBUTION

* O OFROVEDL 28V IO OAND 400 He  PHASE A

* O OPROVIME REGULATYTDY AND UNREGULATID PONMIR
Figure 6.- STEP functional capability.
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A preliminary STEP development schedule is presented in
figure 7. The activity is currently in Phase A with completion
scheduled for January 1983, During the system definition phase,
the STEP capabilities will be tested against a wider cross section
of potential flight experiments and modified appropriately. The
development phase involves an in-house design and fabrication
activity of the modular experiment interface structure subsystem
and a competitively placed contractural effort for the electronics
design and fabrication. This will culminate in a first launch
availability in 1987.

A preliminary operations flow schedule is presented in
figure 8. This flow is based on two flights per year with a
typical integration cycle of 18 months. Experiment hardware will
be required approximatelvy 6 months prior to launch for STEP
compatibility testing and STS physical integration.

vyl 82 ! 83 84 85 Y 87
Cvi_ .82 | |
e FEASIBILITY ,99
PRE PHASE "A" m </
REVIEW 41/4,
PHASE "A" Py 19
REVIEW )
o SYSTEM DEFINITION A
o SYSTEM DEVELOPMENT
. PDR | CDR
EXP INTERFACE STRUCTURE RFP—-AWAH—
ELECTRONICS ) | A, ﬁ
M OPERATIONS
e SYSTEM O o LAUNCH
EXPER IMENT/STS INTEGRATION
EXPERIMENT/STS INTEGRATION
Fy 82| 83 | 84 | 85 | 86 | 8T |

Figure 7.- STEP development schedule.
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]

| I
LAUNCH
| 6Mm0. | oMo, | 6M0.T 6MO. | 6MO. | 6Mo.
ADVANCED

PLANNING FLIGHT 1

\l oocum.'mwsl INTG, I
&

IDOCUM.' I’MLYSlSI INTG. I
FLIGHT 3, ~

I DOCUM.I NW.YSlSI INTG, I
WY

FLIGHT 2

FLIGHT 4
© TYPICAL INTEGRATION CYCLE I DOCUM.'NW.YSIS l INTG.
- 18 MONTHS
o THREE CYCLES IN PROCESS FLIGHTN ¢eeccocsss

SIMULTANEOUSLY
o ONE FLIGHT EVERY 6 MONTHS

Figure 8.- STEP operations schedule.
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SAFE ON~ORBIT EXPLXIMENT FOR MEASUREMENT
OF LARGE STRUCTURES DYNAMICS

R. W. Schock
Marshall Space Flight Center
Huntsville, Alabama

Large Space Antenna Systems Technology -~ 1982
NASA Langley Research Center
November 30 - December 3, 1982
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SOLAR ARRAY LSS CHARACTERISTICS OF POOR QUALITY

The Solar Array Flight Experiment (SAFE) on-orbit experiment for measurement of
large structures dynamics consists of a dynamic sensing system designed to record
and analyze the dynamic characteristics of the SAFE.

The early availability of the SAFE and its basic large space structure character-
istics make it a logical candidate for verification of the sensing system and the eval-
uation technique.

The characteristics of the solar array which place it well within the generic
class of large space structures are:

1. Large size
2. Low natural frequencies
Mechanical complexity of its extendable/retractable mast

4. The inability to dynamically test in the Earth's atmosphere and in one g

The fourth characteristic is due to its size, air damping dominance of the
blanket, and structural instability in one g.

The specific characteristics of the solar array are shown in figures 1 and 2 and
illustrate the applicability to large space structures.

® ARRAY WT - 225 K¢
BLANKET - 132 Kg
MAST - 40 Kg
CONTAINER ~ 40 K¢
COVER ASSY - 14 K¢

¢ FREQUENCY - 033 — 4 M2

® ARRAY LENGTH - 3101 CM

¢ ARRAY WIDTH — 400 CM

© MAX, ALLOWABLE BM ~ 120.9 N—m
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SAFE DYNAMICS AUGMENTATION EXPERIMENT OF POOR QUALITY

The basic objectives of the solar array dynamics experiment are:

1. Demonstrate the technology readiness of an on-orbit remote sensing
dynamic data processing and recording system for use in large space structure response
measurcments.

2. Process remotely sensed data to obtain solar array dynamic character-
istics for correlation with analysis and ground test and application to response con-
trol techniques.

To accomplish these objectives, a remote sensing system is being developed. The
sensing system, an adaptation of a multifield star tracker, is being developed by
MSFC. The technique is illustrated in figure 3. The emitter, positioned at the base
of the solar array, illuminates the array of retroreflectors. The retroreflectors
return the emitted energy to the receiver. The receiver focuses the reflector images
on a solid-state sensor. A scanner samples the sensor and feeds reflector image
positions to a microprocessor. The microprocessor computes the dynamic array .‘isplace-
ment from the initia) or rest position and provides a digital output through a Jata
conditioner to a digital tape recorder. The recorder data is stored and returned for
ground processing.

Ground processing will define the dynamic characteristics of the array such as
frequencies, mode shapes, and damping. These characteristics will be used to verify
math models, provide test-defined inputs for control software, and provide zero g
correlation to one g ground test dat-.

SOLAR ARRAY FLIGHT EXPER IMENT

MULTI AEFLECTOR
IMAGES SCANNED
8Y RECEIVER

WEASUALS
ILFLECTOR DASPLACEMENY

DATA GROUND PROCKSSEC
TO DEFINE DYNAMIC

PROVIDES TEAT OLriNt
WPUTS SOR CONTAOL

PAOVIOES 24RO G
CORALLATION YO Nt ¢
GAOUND TESY DATA
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OF POOR QUALITY

The on-orbit configuration and the basic semsing system characteristics are
shown in figures 4 and 5. Twenty-three standoff retroreflecting tape targets have
been placed on the solar array blanket and mast. These targets reflect in a -2
orbiter direction. The emitter~receiver is positioned within 100 inches of the base
of the arrsy to read the x and y motion of the reflectors with minimum error. Data
will be taken of the array at both 100%Z and 70% deployment. Excitation is provided
by the orbiter VRCS system, which is designed to maximize response without approaching
structural limits, The sensing system is a charge injection device solid-state sensor
with a measurement resolution of better than 1/100 of 1X. The sensory frequency band-
width is O to 0.4 Hz.

SAFE DYNAMICS AUGMENTATION
EXPERIMENT

SUMMARY

@ CONFIGS — FULLY EXTENDED AND
TON-EXTENDED MAST WITH
ARRAY

23 PASSIVE
TARGETS

@ EXCITATION - VRCS

@ INST - ~ 23 PASSIVE TARGETS
{X. Y MOTION RECORDED)

REMOTE SENSING
RECEIVER

Figure 4

SENSING SYSTEM CHARACTERISTICS

@ TWO DIMENSIONAL

©® CHARGE INJECTION DEVICE SOLID-STATE DETECTOR

@ 0.0} OF 1% RESOLUTION

©® 0- 0.4 HZ FREQUENCY

@ LASER DIODE ILLUMINATION AT 800 NM

@ REFLECTORS OF RETROREFLECTIVE H!GH-GAIN SHEETING

Figure 5
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OAST-1 PAYLOAD AND DYNAMICS AUGMENTATIOL: OF POOR Q!'ALITY
EXPERIMENT FLOW DIAGRAM

The OAST-1 experiment with DAE attached is shown in figure 6 along with a flow
diagram of the sensor system in figure 7. Although both tiie sola. array dynamic aug-
mentation experiment and tire systems are mounted to the miss’on-peculiar equipment sup-
port structures (MPESS), the only interaction between them is optical. The retrore-
flector field tracker illuminates the solar array reflectors with five 800-nm laser
diodes. The retroreflected energy is imaged on a charge injection device solid-state
tracker. The tracker is scanned by sensor electronics; the angular deviation from the
reference poeition is mcasured and converted by a microprocessor to engineering units.
This data is digitized and fed through a pulse code modulator (PCM) which conditions
the signals “or recording on the digital tape recorder. The power control and distri-
bution assen._ly (PCDA) obtains pcwer from the mission-peculiar equipment (MPE) power
control box (PCB) and distributes it to the DAE hardware. The PCDA also receives and
distributes commands from the orbiter aft flight deck via the flexible multiplexer
demultiplexer (FMDM) and returns housekeeping and indicator data. The scientific
dynamic data recorded on the tape recorder is returned for ground data processing.

ELECTROMICS
PACKAGE OAL

ORBITER FITTING
S ARILELZING (ESA)
1GIF 94652

PRIMARY (£34)
100F 394451

KELL FITTING SPtsOl
SHORT ([3A)
1007 94810

WEss, CEL MO, F4)001A
F4-30160

Figure 6
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SAFE DYNAMICS AUGMENTATION oRIeIVAL PAGE‘R
GROUND TEST OF POOR QUA

To provide early verification of the remote sensing data processing concept, a
laboratory test is planned for the second and third quarter of FY '83. The ground
test approach is illustrated in figure 8. In the tests, light emitting diodes and
accelerometers will be mounted to a 16-m, space fabrication-type beam. The beam will
be loaded to approximate the natural frequencies of the solar array, and then will be
excited by low frequency shakers. Both the LED information and the accelerometers will
be processed to assess compatibility of results.

PERSPECTIVE VitW OF SENSOR MOUNTED FOR MONITORING POINTS ALONG A
16-METER TEST BEAM

PROJECTED ZONE OF ILLUMINATION

FROM LED
/
4
LED EMITTERS
& ACCELEROMETERS PROJECTED
CCD ARRAY
16-M BEAM UNDER TEST

OFF SET

] REFLECTED IMAGES
i IN PLANE OF CCD
. ARRAY

Figure 8
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SAFE DYNAMICS AUGMENTATION EXFERIMENT SCHEDULE

The remote sensor hardware is currently scheduled for delivery in mid-May 1983.
This appears compatible with delivery of the PCM, tape recorder, and PCDA in March.
This allows 6 months of in-house system acceptance testing prior to deiivery at KSC
in early December. Flight is currently planned for mid-May 1984.

SOLAR ARRAY FLIGHT EXPERIMENT
DYNAMIC AUGMENTATION NGVEMBER 1082

ACTIVITIES CY 82 cY sl cYys4 cyas

—

REMOTE SENSOR HOW, DEV.

TAPE RECORDER & DATA
TRANS. SYSTEM DEV.

REMOTE SENSING
PROOF OF CONZ.EPT DEMO.

T

POWER CONTROL AND
DISTRIBUTION MODULE

SYSTEM ACCEPTANCE TEST

SYSTEM ANALYTICAL |
INTEGRATION

DELIVERY TO LEVEL IV v
INTEGRATION

DYNAMICS EXPERIMENT v
FLIGHT

SYSTEM MILESTONES Van Wron [Veon anV

Figure 9
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SAFE II - LARGE SYSTEMS SPACE PLASMA EVALUATION EXPERIMENT

M. R. Carruth, Jr, and L. E. Young
Marshall Space Flight Center
Marshall Space Flight Center, Alabama

C. K. Purvis and N. J. Stevens
NASA Lewis Research Center
Cleveland, Ohio

Large Space Antenna Systems Technology - 1982
NASA Langley Research Center
November 30 - December 3, 1982
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FUTURE MISSIONS UTILIZING LARGE HIGH POWER SOLAR ARRAYS

For a number of years plans for future NASA and USAF missions have con-
centrated on larger structures and spacecraft utilizing solar arrays which provide
tens to hundreds of kilowatts of power. Among these are space based radar, various
space platforms, the Solar Electric Propulsion System (SEPS), and most recently Space
Station, one concept of which is shown in the figure below. Because these power
systems are very much larger than any flown before, there are new areas which must be
investigated to insure proper system operation. These include structural, dynamic,
and electrical considerations. This paper addresses a Shuttle flight experiment,
the purpose of which is to obtain space data on the interaction of a high voltage
solar array with the ambient space plasma. This flight experiment will be a
reflight of NASA's Solar Array Flight Experiment, SAFE, except that three active
solar array panels, electron release devices and plasma diagnostics will be added.
This experiment, SAFE II, will evaluate power loss due to parasitic current collected
by the solar array, arcing on the solar array and perturbations to the plasma
whic? Ta¥ increase power loss and disturb plasma and charged particle science
acquisition,
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OF POOR QUALITY  HIGH VOLTAGE SOLAR ARRAY

The figure below is the result of one trade study whickP¥1TRARaBHALKEY need
to operate the high power solar arrays at voltages of at least a few hundred volts
in order to reduce internal resistive losses within the array and to reduce the
wiring harness mass required to transport the power (ref. 1). It is this need
to operate at higher voltages which spawned evaluation of high voltage solar array
operation in space. The left figure gives the fraction of power lost in aluminum
distribution 1ines with one square centimeter cross-sectional area. The right
figure gives the ratio of transmission line mass to design goal system mass for 5%
power loss and a design goal of 10 kg/kW.
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FLEXIBLE FLAT-FOLD SOLAR ARRAY TECHNOLOGY

On-going studies of space systems which require large amounts of electrical
power, tens to hundreds of ki, generally show flexible flat-fold solar array tech-
nology like that originally developed to meet solar electric propulsion mission
requirements. The most demanding of these requirements are shown below. The de-
sign that meets these requirements utilizes a continuous longeron extension mast
to provide the motion for extending and retracting Kapton panels which serve as
substrates for the solar cells. Deployed solar array panels are held in tension by
negator coils located at the base. The design is shown in the figure below, and
an array wing that was built to demonstrate the technology is depicted on the next
page.

Technology Development Requirements
low weight ( >66 W/kg)
retractable
natural frequency > 0.04 Hz

low packing volume

o O O o o

five year lifetime
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SOLAR ARRAY FLIGHT EXPERIMENT ORIGINAL PAGE IS
? POOR QUALITY
In 1976, NASA decided to fly the solar array technology development wing shown
on the previous page as an experiment on the Space Shuttle. This requirement arose
because extension/retraction characteristics and dynamic characteristics of large,
lightweight structures 1ike these can only be fully proven in the low gravity, low
pressure environment of space. Overall objectives of SAFE are 1isted below. The
wing will be extended and retracted several times durino space testing. Accelero-
meters, photogrammetry, and a star tracker type system will be used to measure the
wing dynamic characteristics. The Orbiter Vernier Reaction Control System (VRCS)
will be used to dynamically excite the wing. The flight test is scheduled to take

place in May 1984,
SAFE Objectives

0 Demonstrate extension/retraction characteristics
of flexible, flat-fold solar array technology

0 Measure wing dynamic characteristics and prove
analytical models

0 Measure electrical and thermal performance

0 Identify areas where future work can provide
benefits

0 Provide space qualification of this technology
a. '"w cost and reduce risks for future missions
where this technology is applicable
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ENVIRONMENTAL INTERACTIONS

Investigation of interactions between high voltage systems and thermal plasmas
was begun in the late 1960's. Experimental work using small segments of solar arrays
and insulated electrodos witin pinholes indicated that the presence of the insulators
caused plasma current collection phenomena which departed dramatically from the
predictions of Langmuir probe theory. Experiments indicated greatly enhanced elec-
tron collection at voitages in excess of about +150 volts, and arcing on solar array
segments biased several hundred volts negative with respect to plasma ground.
Concern for the implications of these results for high voltage systems in orbit
prompted the development of the SPHINX (Space Plasma High Voltage Interactions
Experiment) satellite. SPHINX was laurched in early 1974 but failed to attain
orbit due to a launch vehicle malfunciion, Later, two Plasma Interaction Experi-
rients (PIX-1 and PIX-2) were designed and built., PIX-1 flew in March 1978 as a
piggy-tack on the second stage of the Delta launch vehicle. Approximately twec hours
ot data were returned by real tire telemetry. The PIX-1 results verified that the
collection enhancerent and arcina phenomena observed in qround testing also occur
in orbit (ref. 2). PIX-2, scheduled for launch in January 1983 as a piqay-back on
the second stage of the IRAS Delta launch, will investigate distributed voltage
effects and interactions among four segments of solar arrays independently biasable
toX 1 kv, A third flight experiment, SAFt II, is proposed. This will be carried
on an equatorial Shuttle flight in 1986. It will allow exper imental investigation

of o number.of important aspects of power system/enviroment interactions which can-
not be exarined except by a flight experiment.
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NVIROIMENTAL INTERACTIONS LVALUATION  OF POOR QuALTY

Subsequent to the loss of SPHINX, the attention of the environmental interac-
tions conmunity was for several years focused on the investigation of spacecraft
charging, an interaction which had been found to be hazardous for geosynchronous
spacecraft and was intensively studied by NASA and the Air Force. In the late 1970's,
interest in high voltage interactions ag?in intensified, and their study was resumed
under the aUSp?ces of the joint NASA/USAF Environmental Interactions Investigation
(ref. 3). The ground technology program utilizes the experimental facilities at
JASA and USAF centers and builds upon the modeling capabilities developed during the
spacecraft charging investigaticn, as well as utilizing the earlier high voltage
study results (refs. 4-10). The goal is to develop design guidelines and analytical
tools to quide the design of large high voltage systems in Earth orbit. The approach
is to perform experiments and develcp models in an interactive program in which
experimental results are used to both guide and validate the models.

The ground technology program requires complementary flight experiment data,
both to ensure that phenomena observed in ground testing occur in flioht and to
exaniine experimental conditions not obtainable in ground facilities.

ENVIRONMENTAL Fu
MODELS FLIGHT EXPTS
o PIX~1 (2/78)
o PiX-2 (11/78)
® SAFE || (98)
ANALYTICAL TOOLS ©® USAF/NASA (88-89)
@ INDIVIDUAL PHENOMENA
@ SHUTTLE MODEL
@ LARGE, HV SYSTEMS
MODEL
-
GROUND BASED
SIMULATION
©® GOVERNMENT, CONTRACTOR
AND UNIVERSITY FACILITIES
DESIGN CRITERIA
AND
TEST STANDARD
DOCUMENTS
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SOLAR ARRAY YOLTAGE POSITIVL RELATIVE TO PLASHA  CUALITY

The figure below represents experimental data of a solar array section biased
positive with respect to the plasma it 1s irmersed in (ref, 4). The left half of
the figure 11lustrates that at voltages greater than near 100 volts the electron
current collected by the solar array increases dramatically. The right half of
the figure illustrates why. Even though the solar array surface is dielectric,
the surfaces become highly positive and therefore collect current as tho'sgh the
whole surface were a conductor. The explanation appears to be that as the plasma
sheath grows around exposed interconnects or pinholes the accelerated electrons
strike the dielectric and low energy secondary electrons are rele.ased which are
collected by the exposed metal. This leaves the dielectric cover glass positive,
allowing the plasma sheath to grov over the solar cells. Therefore, the solar array
collects electron current as though it were a conductor. As the voltage on the array
segnent increases and the collection area increases, the current collected rises,
as indicated in the figure below. This current flow through the plasma is current
which is not available to the spacecraft and therefore represents a pcwer loss.
Depending on the solar array voltage the power loss can be substantial and can
seriously impact array performance.

TYPICAL PLASMA CURRENT DRAIN CURVE

® SERT I
O SKYLAB

SOLAR CE'.L S$URFACE VOLTAGE

- SOLAR CELL/COVER SLIOE
O SPACE PLATFORM INTERCONNECT, [
R KAPTON
Y \UFIBRRGLASS
n & SAFEM GROUNDED SUSSTRATE
METAL EDGE

1

WEASURED SURPACE
POTENTIAL,
Vm

1

ORAIN CURRENT (ARBITRARY), DECADES

HIGH POSITIVE POTENTIALS APPLIED

R T T
VOLTS 10 100 1000

(POTENTIAL RELATIVE TO PLASMA)

999

PO s e =



SOLAR ARRAY VOLTAGE NEGATIVE RELATIVE TO PLASMA

The previous finure discussed the observed effects of a solar array segment
biased positive of the surrnunding plasma., Different effects are observed for a
solar array segment biased to a negative voltage relative to the plasma. Unlike the
positive voltage case, the solar cell cover glass voltage does not change as the

) eolar cell voltage becomes more negative. A steep voltage gradient exists betwzen
the interconnect and other exposed metal parts of the solar cells and the solar
cell surface., For impressed voltages of several hundred volts, arcing on the
array is observed. Pictures of such arcing events are shown below (ref. 10). The
arcing occurs at lower negative voltages for iarger plasma cdensities. Arcing has
teen cbserved at voltaces of -250 volts on a s _lar array segment in a plasma with
a gensity of 104 electrons/cm3 (ref. 11). Ambient plasma densities of up to
10° electrons/cm® may be encountered in space. Such solar array arcing will intro-
duce large current and voltage transients which may tend to collapse the array

voltage.
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ORIGINAL PAGE IS
PLASMA PERTURLATION  OF POOR QUALITY

Many sounding rocket exp.riments have been flown which investigated the
magnetosphere by releasing electron beams along the earth's magnetic field lines
(ref. 12?. It was anticipated that the rocket body would charge hundreds to
thousands of volts positive due to the release of a high energy electron beam. This
was not observed to be the case. The rocket potentials increased to only 30 to
100 volts positive. Plasma diagnostic devices indicate that the plasma density and
temperature increased when the electron beam was released. A local discharge {s
created around the rocket either by electron bombardment ionization or a beam-
olasma discharge \ref, 10), The plasma is also perturbed at large distances from
the rocket. An analogous situation can be expected with a spacecraft powered by
3 high voltage solar array. An electron gun or plasma source operation will raise
the spacecraft potential to near space potential and wiil therefore drive the high
voltage solar array very positive of the space plasma potential. The local
discharae and plasma perturbatfons observed during rocket experiments can increase
power loss due to varasitic currents and interfere with science data acquisition.

ROCKET CXPERIMENTS SPACE STATION

©® ROCKET BODY DRIVEN POSITIVE @ HIGH VOLTAGE SOLAR ARRAY

DRIVEN POSITIVE
® RETURN CURRENT COLLECTION
UNSTABLE ® SITUATION ANALOGOUS
TO ROCKET EXPERIMENT
® PLASMA PERTURBED OVER LARGE
VOLUME

® DENSITY INCREASE
® Te INCREASE (DOUBLE POPULATION)
® WAVES

©® LOCAL DISCHARGE AROUND VEHICLE
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SOLAR ARRAY SPACECRAFT SPACE PLASMA POTENTIALS

A spacecraft in orbit and immersed in the space plasma will come to a potential
relative to the plasma such that no net current is collected. The solar array
provides an additional complication since ambient charged particles can be co]]ected.
Because of their higher temperature and mobility, electrons are much more easily
collected than ions, Therefore, to collect equal electron and ion current a much
larger area at a negative potential relative to the plasma is required. For a neg-
ative solar array to spacecraft ground, the situation on the right side of the
figure below will result. The spacecraft and negative side of the array will be
driven negative of space potential. For an array of several hundred volts, solar
array arcing may result. Since the spacecraft structure will be several hundred
volts negative it will experience a continuous ion bombardment for the space-
craft lifetime which may alter surface thermo-optical properties. Another space-
craft or untethered astronaut will be near space potential. The resulting potential
difference between such a free flyer and the highly negative spacecraft can pose
safety concerns. The highly negative spacecraft potential will also interfere with
some particle and plasma data acquisitior.

If an electron gun or plasma source is operated on the spacecraft, electrons
collected by the positive portion of the salar array will be released. Large neg-
ative potentials will not result, and if electrons are freely released, the situa-
tion on the left in the figure below will result. Power loss due to large electron
current ccllection will result. This effect may be enhanced due to creation of a
local discharge as previously discussed. Such a discharge will also interfere
with science data acquisition of the ambient environment,

s,
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The SAFE II plasma interactions experiment will be a reflight of SAFE with the
addition of the required equipment, shown in the figure below. Not shown are the
three active panels of solar cells. Each panel will be composed of two modules.
A11 the modules will be placed in various parallel and series configurations to
allow testing at solar array voltages from approximately 85 to 500 volts. Tests
will include switching the floating solar array from lower to higher voltages. The
maiority of the array, 80-90%, will float negative and arcing phenomena and
floatinc potential measurements will be made. The high current hollow cathode and
plasma source will be operated for positive solar array tests. These sources,
possibly with the addition of an electron gun generating an energetic electron
beam, will freely emit the solar-array-collected electrons back to space and will
control solar array to space potential. The majority of the solar array will be
positive of the space potential allowing array power loss evaluation as well as
investigation of local discharge phenomena expected in the solar array vicinity.
The array potential will be controlled by SAADS, Spacecraft Automatic Active
Discharge System, of -vhich the charge release devices are an integral part.

Because of their interest in the results of this experiment, the Air Force Geo-
physics Laboratory intends to furnish this equipment to the SAFE II experiment.

Some plasma diagnostics associated with SAADS will be located on the Mission
Peculiar Experiment Support Structure, MPESS. Plasma diagnostics including a neu-
tral density instrument, a Langmuir probe and a Differential Ion Flux Probe (ref. 13)
will be mounted on the end of the solar array. These instruments will allow deter-
mination of the ambient conditions in wnich the plasma interaction experiment 1is

conducted as wel) as evaluation of perturbations to the plasma due to the high
voltage solar array operation.

HIGH
IMPEDANCE PROBE

/’///, PLASMA DIAGNOSTIC
PACKAGE

HIGH VOLTAGE
CONTROLLER

1GH CURRENT MOLLOW
CATHOOE AND PLASMA
SOURCE
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ORBITAL CONFIGURATION

The figure below illustrates the anticipated orbital configuration of the
SAFE Il experiment., The left side of the figure indicates that the solar array and
Shuttle tail will be pointed toward the Sun. This configuration is particularly
advantageous for experiments involving electron release by electron gun. The beam
can be projected along the magnetic field 1ine and not strike the solar array.
The generated plasmas will also tend to diffuse along magnetic field lines and
away from the solar array.

The orbital velocities of spacecraft in low Earth orbit (LEO) are much greater
than the thermal ion velocity but much less than the thermal electron velocity.
The result is that as a spacecraft moves through the plasma it sweeps out the ions,
leaving a much decreased plasma density in its wake, which is occupied by an excess
of electrons. As observed in the figure below, there will be positions in the
orbit where the wake is on the solar cell side and the backside of the solar
array, and where no wake exists (when the spacecraft velocity vector and Sun line
are perpendicular). Data acquisition at these various positions will allow deter-

mination of power loss, arcing and plasma perturbation over the range of antici-
pated orbital plasma conditions.
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SUMMARY

For a number of years NASA and the USAF have planned space missions utilizing
solar arrays which generate orders of magnitude more power and operate at a much
higher voltage than has been flown previously. During this same time ground tech-
nology programs have addressed the interactions between such a high voltage solar
array and the ambient space plasma. These programs have given us a basic under-
standing of what interactions to anticipate and under what conditions. Ground
test information has been augmented by flight tests which verified that the effects
observed on the ground are observed in space. However, it has long been recognized
that ground tests are 1imited by facility size, facility effects on plasma and
electric field conditions and the capability to accurately simulate space plasma
conditions, It is very important to test actual solar array performance with a
large, self-generated voltage so that effects of large array area, surface voltage
gradients and varying currents in the solar array can be evaluated. It is not
possible to do this adequately in a ground test chamber,

The SAFE II experiment will allow collection of data on high voltage solar
array operation under actual operating conditions. Experiments with both extreme
negative and positive potentials, relative to space, will be conducted. These will
be performed with the solar cells in plasma ram, wake, and neutral conditions.
Plasma diagnostics will allow determination of ambient and perturbed plasma con-
ditions for all experiments conducted as part of SAFE II. The SAFE IT experiment
will allow direct data acquisition on high voltage solar array operation in space,

wh;c? is required to verify ground based interaction concepts and analvtical
models.
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MAST SPACE RESEARCH FLIGHT EXPERIMENT
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INTRODUCTION

Over the last few years, NASA has been developing the Space Shuttle in order to
place in orbit a new class of spacecraft which we have called large space systems
(LSS). During the same time many of the organizations of the agency have been
exploring the character of these systems, from large orbital antennas to manned
space stations, and have initiated the development and ground-based testing of
technologies required to accomplish those next-generation missions.

Now that the operational Shuttle exists, there is the opportunity and the need
to test and validate in space the theories, structural concepts, and system compo-
nents required by those missions.

It is not our intention tc discuss the need for space testing, but rather to
outline a flight research program focused on discipline-based issues in structures,
dynamics, and controls. Hopefully this will be affordable, and will be defined by a
series of flights building progressively from modeling and modal characterization of
large space structures to the more complex issues of flexible-body interactive
control. The approach described is one that incrementally builds modal and func-
tional complexity into a baseline configuration, allowing the design of a sequence
of phenomena model test articles that address a chosen set of LSS discipline issues.
In this way the discipline research objectives, and therefore the phenomena model
coufiguration, can be tailored to the major concerns of LSS spacecraft, but may be
independent of the specific configurations ultimately chosen for these new missions.

LARGE SPACE SYSTEMS
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MAST FLIGHT RESEARCH PROGRAM OVERVIEW

The MAST flight experiments comprise a research program focusing on major LSS
issues for which it is deemed necessary to test, measure, and validate techniques and
concepts in the space environment. In this sense, the program is a logical extension
of the standard development and test flow that we have gll used. In the standard
flow, most development activity would terminate at the successful conclusion of
ground-based testing. There are elements of large space systems which cannot be
characterized or validated on Earth to the extent that mission success or system
performance is assured. These particular research activities must be moved to the
Laboratory of space and those findings integrated into the analytical and ground-
based data before it can be said that "technology readiness'" has been achieved.

The MAST Shuttle-attached test articles will be transported to space by the
STEP experiment carrier and will be compatible with STEP interfaces in all
configurations,

As the experiments require no particular orbit and the operational timelines
needed for mission performance are not cxtensive, it is foreseen that the STEP/MAST
combination could provide an attractive repetitive element within the Shuttle
mixed-cargo manifesting process. Using the STEP experiment carrier and a retractable
reusable test article will allow repetitive flight research to the extent that the
STEP is able to be manifested on a regular basis.

Since this research program will be examining generic phenomena, maximum
emphasis will be placed upon information quality and the fidelity with which the
phenomena model emulates the LSS issue. As such, the MAST research does not
constitute a hardware demonstration program, nor is it focused on any particular
mission or space structure. However, the developed test articles will be spacecraft-
quality space~qualified structures. The characterisctics of the MAST test article
will be driven by the nature of next-generation LSS structural systems such as large
antenna spacecraft and space stations. In addition, the end item structure will be
characteristically suitable to serve as a space test bed for evaluation and validation
of newly developed LSS sensor and actuator devices.
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MAST MULTI-FLIGHT RESEARCH PROGRAM

© REUSEABLE TEST ARTICLE
® INITIAL FLIGHT EMPHASIS PJ'MARLY DEVOTED
CONTROLS TO STRUCTURAL MODELING/DYNAMICS
¢ GRADUATED INCREASE (N CONTROLS
RESEARCH COMPLEXITY
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MA ST EXPERIMENT OVERV IEW

MAST |S:

¢ MULTI-FLIGHT EXPERIMENTAL RESEARCH PROGRAM CONDUCTED [N THE LA BORATORY
OF SPACE VIA STEP EXPERIMENT CARRIER

® MULTI-DISCIPLINE EFFORT IN STRUCTURES/STRUCTURAL DYNAMICS AND CONTROLS

® SHUTTLE-ATTACHED EXPERIMENT FOR INVESTIGAVING GENERIC PHENOMENA AND
ISSUES OF LARGE FLEXIBLE SPACE STRUCTURES

® WEIGHTED TOWARD MAXIMUM INFORMATION (INSTRUMENTATION) AS OPPOSED
TO MAXIMUM UTILITY (HARDWARE DEVELOPMENT)

MAST 1S NOT:
® A HARDWARE DEMONSTRATION PROGRAM
® FOCUSED ON ANY PARTICULAR MISS ‘ON OR SPACE STRUCTURE

B R T e o Lo e L Rt TR

ton

SNvyee— N W




TECHNICAL THRUSTS OF LARGE SPACE STRUCTURES DISCIPLINES

The basic technical thrusts of the MAST space research program are expressed in
three disciplines of large space structures. Within the structures area, the
development of a precision, efficiently packaged, space-qualified truss structure
is the primary focus. The structural dynamics discipline will drive toward the
definition of dynamic response prediction techniques, particularly joint damping
phenomena in a flexible-joint-dominated truss and the correlation of ground and
flight dynamic test data. In the controls area, space validation of multivariable
control techniques for flexible body spacecraft is the primary motivation.

STRUCTURES

® PRECISION LIGHTWEIGHT DEPLOYABLE STRUCTURES

STRUCTURAL DYNAMICS

® STRUCTURAL DYNAMIC RESPONSE PREDICTION TECHNIQUES

CONTROLS

¢ MULTI-VARIABLE CONTROL TECHNIQUES

ORIGINAL PAGE g
R QUALITY
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ORIGINAL PAGE I8
MAST DESIGN CONSIDERATIONS OF POOR QUALITY

The deployable beam, which will serve as the MAST test article, must satisfy
the needs of each of the three technical disciplines. It must have the qualities of
a usable piece of spacecraft structure and have flexible properties which are of
interest to the dynamicist and controls desigrer. Tt must also be ground testable
through some of its deployed states, and must maintain structural margins canti-
levered from the Orbiter bay while the Shuttle is onerating in the vernier reaction
control system mode.

Meeting of all these conditions has provided a wajor challenge to the MAST
principal investigator. The characteristics thuaut have t> be balanced against one
another are typified in part by the curves shiown below. These allow consideration of
characteristics such as beam diameter and length (D/L), uv:nding mode frequency, tip
deflection and acceleraticn, and ground test f:asibility for the examined combina-
tions. Through the use of such trades, we have selected a characteriatic set for
the baseline test article which meets the test of all three participating disciplines
and will meet the operating structural and dynamic constraints of the STS. These
characteristics are displayed in the following figure.
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PRELIMINARY REQUIREMENTS OF BASELINE CONFIGURATION MAST

The requirements shown are for the MAST program in its simplest configuration,
the baseline configuration. Expanded configurations will be described later which
provide added degrees of structural, dynamic, and avionic complexity.

The length of the composite deployable beam, 60 m, may seem short in the figure,
Fut in earthbound terms it is approximately the height of a twenty-story building.
The truss depth, 1.2 to 1.4 m, is three or more :imes the depth of the continuous

longeron mast to be flown in the SAFE experiment, and the truss of entirely different
construction,

The root acceleration shown is a design specification based upon inputs
generated by the vernier RCS of the Shuttle. The 0.15-Hz lowest natural frequency
is seleccted in order to escape experiment interaction with the Shuttle digital
autopilet. Tip position and truss displacement measurements will be provided by an
optical system. An active actuator/damper set will be installed at the beam tip in
order to provide modal excitation for the systems identiflcation activity, and to
provide test article damping to shorten test timelines during space-based model
surveys. With the tip actuator set, the baseline truss can lte excited at either

extremity, by base inputs from the Shuttle using the vernier RCS, or by actuator
inputs at the truss tip.

® GENERAL SIZE/CONFIGURATION
-= 60-METER LENGTH/COMPOS ITE MATERIAL
== 1.2 - L4 h._TER DIAwETER
-- LOWEST NATURAL FREQUENCY =>0.15 Hz
- UNLOADED/UNLOADABLE JOINTS
-- SEQUENTIALLY DEPLOYABLE TRUSS BEAM
== ROOT MOMENT ACCELERATION 10.3 RAD/ SEC2 DOUBLE PULSE
== COMPATIGLE WITH STEP EXPERIMENT CARRIER

® INSTRUMENTATION/DATA ACQUISITION
-~ MODE SHAPES OF FIRST 5 MODES EACH AXIS
== TIP POSITION ACCURACY TO 1 CM, MAXIMUM RESPONSE 9. 5M
== LINFAR SHAPETO 1 CM

-- TEMPERATURE MEASUREMENTS AT TBD LOCATIONS

== LOADS AT STEP INTERFACLZ « \ \Q\
aar |\ * il faihatt
== TIP MOUNTED ACTIVE ACTUATOR/DAMPER SET AP

\'\
Y SRS R, f DR L
0)
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MAST FLIGHT EXPERIMENT CBJECTIVES

The specific objectives listed here define the development flight activity
required to support the LSS technical discipline thrusts in structures, structural
dynamics, and controls.

The structures objectives are obvious--the development, fabrication, modeling,
and testing of a lightweight, efficiently packaged, LSS-deployable truss test
article. The development of a spacecraft-quality composite "zero"-CTE deployable
structure of this size will be a major activity and should provide valuable insight
into those problems inherent in fabrication, assembly, and test of first-generation
large-scale composite structures.

The structural dynamics objectives relate to the ability to model and predict
the dynamic character of a flexible-joint-dominated truss system, and particularly to
assess damping phenomena and deployment dynamics. The ability to modally charac-
terize the structural system by system identification techniques will also be
evaluated.

The development and evaluation of multivariable techniques for the control of
flexible structure in the presence of system uncertainty are the concerns of the
controls experiment objectives. The objectives of the structures and dynamics
disciplines can be completed using the baseline cantilevered beam, as defined in
previous sections. The controls discipline objectives can be probed in part by the
same baseline configuration; however, additional complexity must be included before
the full set of controls objectives may be addressed.
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MAST FLIGHT EXPERIMENT OBJECTIVES

STRUCTURES

DEVELOPMENT AND GROUND TEST OF AN EFFICIENT PRECISION DESIGN
60-METER DEPLOYABLE TRUSS

EVALUATE STRUCTURAL MODELING AND ANALYTICAL TECHNIQUES THROUGH
MEASUREMENT OF FIGURE FIDELITY AND MAST TIP LOCATION

EVALUATE THERMAL DISTORTION EFFECTS IN LARGE SPACE STRUCTURES

VALIDATE SPACE TRUSS DEPLOYMENT WITHIN OPERATIONAL SPACECRAFT
ENV IRONMENT

DYNAMICS

DETERMINE THE DEGREE TO WHICH THEORY AND GROUND TESTING CAN
PREDICT FLIGHT PERFORMANCE OF LOW-FREQUENCY STRUCTURES

EVALUATE MATH MODELING OF LARGE LIGHTWEIGHT COMPLEX SYSTEMS
ON WHICH GROUND TEST RESULTS ARE QUESTIONABLE

EVALUATE SYSTEM IDENTIFICATION TECHNOLOGY ON COMPLEX LIGHTWEIGHT
STRUCTURES IN REAL SPACE ENVIRONMENT

EVALUATE DEPLOYMENT DYNAMICS IN ZERO-G

EVALUATE JOINT DAMP ING PHENOMENA IN ZERO-G

CONTROLS

EVALUATE TECHNIQUES FOR RESPONSE CONTROL ON LOW-FREQUENCY,
LIGHTWEIGHT STRUCTURES

EVALUATE SYSTEM PERFORMANCE FOR FINE FIGURE/POINTING CONTROL
OF FLEXIBLE STRUCTURES

¢ EVALUATE "ROBUST" DESIGNS IN PRESENCE OF UNCERTAINTY OF DYNAMIC

CHARACTERISTICS

® EVALUATE ON-LINE SYSTEM IDENTIFICATION ALGORITHMS

® EVALUATE SENSOR/MEAS UREMENT TECHNIQUES AND ACTUATOR APPLICATIONS

IN LOW FREQUENCY SYSTEMS

[

PRI s A 2R

A et o SIERBTL st) T T e e ¢

e

Preps

T s Y € e

-

© merrned



ORIGINAL PAGE I3
MAST BASELINE ExpANsIoN OF PGOR QUALITY

Examples of configurational alterations are displayed in the figure below.
With the addition of distributed actua:ors and sensors and a flight controls
computer, evaluation of multivariable control techniques can be initiated using the
baseline cantilevered mast. With the additicn of structural appendages with selected
characteristics, the closely spaced modal frequencies and complex coupl:-i1 motions
required for the LSS research program can be produced. These phenomena model
configurations will be designed to achieve the full range of characteristics neces-
sary for ¢ bSroad flight experiment program in LSS controls and dynamics.

CONFIGURATIONAL ALTERATIONS

® STRUCTURAL APPENDAGES
® DISTRIBUTED ACTUATORS/SENSORS

® FLIGHT CONTROL COMPUTER

EXTENDED RESEARCH CAPABILITY

an

® CLOSELY SPACED MODAL FREQUENCIES
® MODES WITH COMPLEX COUPLED MOTION

L

® MULTI-VARIABLE CONTROL j
® -ON-LINE SYSTEMS IDENTIFICATION

1080 RSTOI DL 88 BTE 9 S B4
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OF POOR QUALITY
CONTROLS DISCIPLINE RESEARCH ISSUES

The controls objectives listed previously represent the broad goals of LSS
controls research. The issues which may be addressed in part by the expanded
baseline phenomena models are presented below.

|
- SYSTEM MODEL IDENTIFICATION §
- DISTRIBUTED CONTROL %
- FIGURE CONTROL ;
- POINTING CONTROL/POSITION CONTROL %
- SLEWING/SETTLING
- MODAL DAMPING ;‘
- DISTURBANCE ACCOMMODATION .
- FAILURE IDENTIFICATION/RECONFIGURATION
- STABILITY/ROBUSTNESS ;
- ACTUATORS/SENSORS/INSTRUMENTATION EVALUATION "2
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The flight test approach which has been described here provides an affordable
and achievable bridge between today's technology level and the development and
validation of a new plateau which must be reached in order to build and operate the

large antenna spacecraft and the space station and space platform configurations
which we envision.

® The experiments are incremental and build in complexity.

® The research is a generalized discipline-based activity, yet traceability

to LSS issues and to next-generation mission configurations should be
apparent.

® When next-generation configurations are known, the MAST Program will be
amenable to configurational modification in order to address specific

mission research, as opposed to generic research, and the system will be
in place to meet that need when it arises.

We do not intend to state that the MAST program meets all needs for future
LSS-related problems, nor that it is the only acceptable approach. However, an
end-to-end flight research program has to be devised which will address the broad

range of concerns. It should be flexible in its ability to grow as new mission
configurations are defined and as component technology matures.

® PROVIDES A PLANNED AND AFFORDABLE BRIDGE BETWEEN TODAY'S GENERAL
RESEARCH/TECHNOLOGY EFFORTS AND TOMORROW'S LARGE SPACE FLIGHT
INITIATIVES

® PROGRESSIVE MAST PHENOMENA MODEL FLIGHT EXPERIMENT PROGRAM
-~ LOW COST INCREMENTAL EXPERIMENTS
-- GENERALIZED DISCIPLINE-BASED RESEARCH

== READILY EXPANDABLE TO MEET CONFIGURATION-RELATED SPACE
EXPERIMENTS
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A LARGE ANTENNA SYSTEM
FLIGHT EXPERIMENT

Keto Soosaar
The Charles S. Draper Laboratory, Incorporated
Cambridge, Massachusotts

Large Space Antenna Systems Technology - 1982
NASA Langley Research Center
November 30 - December 3, 1982
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A LARGE ANTENNA SYSTEMS FLIGHT EXPERIMENT

PROBLEM : By WHAT PROCESS DO WE ACQUIRE CONFIDENCE IN OUR
ABILITY TO DESIGN, BUILD, FLY, AND OPERATE A
LARG:. ORBITING ANTENNA STRUCTURE?

A BASIC ASSUMPTION

® A SERIOUS NEED ALREADY EXISTS FOR LARGE ANTENNAS ]

OR

1

® USERS WILL EMERGE ONCE DEVELOPMENT RISKS HAVE BEEN BOUNDED ¢
AND SOME EFFORT HAS BEGUN g

i
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CURRENT UNCERTAINTIES WITH LARGE ANTENNAS ORIGINAL page I8

® ResuLT MAINLY FROM INCREASED SI1ZE (5 10 10x)
- INCREASED FLEXIBILITY, NATURAL PERIODS, DISTURBANCE SUSCEPTIBILITY
- TOLERANCES TIGHTENING WITH SIZE

® MAJOR UNCERTAINTIES

REALISTIC PERFORMANCE TEST IN 1 “G” NOT POSSIBLE

HIGH PACKAGING RATIO - COMPLEX AND RISKY DEPLOYMENT
POSSIBILITY OF VIBRATION CONTROL (ALIGNMENT AND SURFACE)
UNCERTAINTY THAT ANALYSIS CAN SUBSTITUTE FOR TESTS

PROCESS FOR ASSESSING SOME UNCERTAINTIES

o PRELIMINARY SYSTEMS DESIGN EXERCISE VERY USEFUL

DEFINE BASELINE SYSTEM GOALS AND PERFORMANCE OBJECTIVES
DEVELOP CONFIGURATION FOR SATELLITE AND ANTENNA
DEVELOP GOALS FOR MAJOR SUBSYSTEMS

PERFORM PRELIMINAPY DESIGN OF SUBSYSTEMS
DEVELOP FIRST-ORDER MODELS FOR SUBSYSTEMS

® ANALYSIS, MODELLING, AND SIMULATION WILL INDICATE
- POSSIBLE PERFORMANCE

e WITH RESPECT TO SYSTEM OBJECTIVES
e WITH RESPECT TO STATE OF ART

- AREAS OF DEFICIENCY IN ANALYSIS TOOLS

e MULTIDISCIPLINARY INTERACTION
o REGIMES WHERE BEHAVIOR VIOLATES ASSUMPTIONS
o AREAS WHERE ANALYSIS AND MODELLING TOOLS DO NOT EXIST

® ANALYSIS WILL OBVIOUSLY NOT UNCOVER UNMODELLED UNEXPECTED BEHAVIOR
- THUS TEST PROGRAMS ARE CRUCIAL
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TEST PROGRAMS WILL REDUCE RISKS THROUGH

® IDENTIFICATION AND QUANTIFICATION OF SUSPECTED PHENOMENA
® VERIFICATION OF THEORY, ANALYSIS, MODELLING APPROACHES
o DEMONSTRATION OF COMPLEX SUBSYSTEM

® PROTOTYPE FEASIBILITY DEMONSTRATION

SCOPE OF TEST PROGRAMS

® IDEALIZED--FLIGHT ARTICLE IN REAL SPACE ENVIRONMENT

® REALITY--COST, RISK, COMPLEXITY OF FULL-UP SPACE TEST
-~ QUALIFIES ONLY SPECIFIC ARTICLE
- PROVIDES LITTLE GENERIC CUIDANCE
- SHOULD ONLY FOLLOW MUCH OTHER WORK

o DESIRABLE
- PARALLEL DEVELOPMENT OF CONFIDENCE

e ANALYSIS, SIMULATION TOOLS FOR COMPONENTS AND SYSTEM
e LABORATORY EXPERIMENTS TO IMPROVE/CORROBORATE ANALYSIS

- SPACE TESTS

e TO OBSERVE IMPORTANT PHENOMENA OTHERWISE MASKED
e TO DEMONSTRATE FULL INTEGRATED PERFORMANCE (SYSTEMS PRECUR: °f)

1024
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VALIDATION OF STRUCTURAL BEHAVIOR - I

o EVEN WITH CONVENTIONAL SATELLITE STRUCTURE GROUND TEST
- SIGNIFICANT DEPARTURE BETWEEN ANALYSIS AND SHAKER TESTS
- GENERALLY UNABLE TO

e ACCOUNT FOR DIFFERENCES
e MODIFY MODEL APPROPRIATELY

= NOT CERTAIN WE UNDERSTAND PHYSICS OF STRUCTURAL ASSEMBLIES
-~ TO BOUND RISKS ON ANTENNA PROGRAMS

e CAREFULLY PLANNED LABORATORY TESTS

o RESEARCH ON STRUCTURAL BEHAVIOR

o IMPROVEMENT OF ANALYSIS AND MODELLING TOOLS

o DEVELOPMENT OF HIGH-ORDER SYSTEMS IDENTIFICATION APPROACHES

e A FINAL VERIFICATION IN SPACE ON SUITARLE ASSEMBLAGEu DESIRABLE
BUT NOT CRUCIAL

VALIDATION OF STRUCTURAL BEHAVIOR - 11

@ WITH LARGE FLEXIBLE ANTENNA GROUI:) TEST
——GRAVITY EFFECTS CAN BE ENORMOUS ON FLIMSY STRUCTURES \
o STIFFNESS PROPERTY CHANGES RESULT IN !

- LARGER/SMALLER STATIC DEFLECTIONS i
HIGHER/LOWER NATURAL FREQUENCIES
BUCKLING/STABILITY MARGINS ALTERED
NONLINEAR (LARGE-DEFLECTION) BEMAVIOR
STRENGTH AND PLASTICITY MARGIN CHANGES

—EFFECTS ON MODAL SURVEYS

oy e Calbn: W gl

o FREQUENCY, MODE SHAPE SHIFT DUE TO GRAVITY
o ATMOSPHERIC DAMPING

e JOINTS BOTTOMED OUT BY GRAVITY

o BUNGEE CORD PHENOMENA (IF USED)

@ SYSTEM ACCEPTANCE WILL ULTIMATELY DEPEND ON COMBINATION OF
—ANALYTICAL PREDICTION
—GROUND TES/S
—SPACE TESTS
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VALIDATION OF DYNAMICS, DEPLOYMENT AND UNPACKAGING

o COMPLEX INTERACTION BETWEEN RIGID BODY, FLEX BODY, POSSIBLE CONTROL
o FEW SPACE SYSTEMS HAVE BEEN FREE OF DEPLOYMENT PROBLEMS

o WITH LARGE ANTENNAS, SCALE OF PROBLEM BECOMES ENORMOUS
—DYNAMICS PHENOMENOLOGY UNCERTAIN

o POSSIBLE NONLINEARITIES IN DYNAMICS AND STRUCTURE
o STABILITY RISKS IN DYNAMICS AND STRUCTURE
e MUCH BASIC WORK NEEDED

- THEORETICAL MODELS FOR 16 AND 0o
- LAB TESTS TO VERIFY 16 MODELS
- SPACE TESTS 7O VERIFY 06 (FREE FLYER?)

—PMANY INTERACTING AND INTERDEPENDENT DEPLOYMENT DEVICES

o RELIABILITY OF PROCESS CRUCIAL
e SYNCHRONJUS VERSUS SEQUENTIAL APPROACHES
e MUCH RESEARCH AND EXPERIMENT NECESSARY

VALIDATION OF FLEXIBLE CONTROL

o OGROUND-BASED EXPERIMENTS CAN BE MADE ON ANALOGS OF FLIGHT ARTICLE
TO PROVE SOME PERFORMANCE AND ROBUSTNESS PARAMETERS

¢ GROUND-BASED EXPERIMENTS ON REAL ANTENNA STRUCTURES
- STRONGER, LONGER ACTUATORS
- STRUCTURAL NONLINEARITIES MAY BE SIGNIFICANT
- IDENTIFICATION AND ROBUSTNESS EXPERIMENTS MAY BE VERY
INCONCLUSIVE AND NON-REPRESENTATIVE
® SPACE EXPERIMENTS WILL BE CRUCIAL
- PRIMARILY BECAUSE OF STRUCTURAL/DYNAMIC UNCERTAINTIES
- CONTROL SYSTEM CONFIGURED TO BE ROBUST FOR lG T0 06 wiLL
EXCESSIVELY PENALIZE PERFORMANCE

o FUuLL-UP SYSTEM SPACE TEST CRUCIAL IF CONTROL IS ONLY MEANS TO
ACHIEVE PERFORMANCE
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VALIDATION OF SYSTEM PERFORMANCE QuaLTy

o EXPERIMENTALLY UNLIKELY IN l6

® INITIALLY - MUST BZ BASED ON SPACE TESTS

o ULTIMATELY -

= BASED ON VALILATED ANALYS!S AND SIMULAT.ON
TOOLS

= AS NEW PMENOMENA ARE FOUND

o SUPPL!.MENTED BY GROUND TESTS
e RARE SPACE TEST

SUMMARY : TO VALIDATE DESIGN AND ACCEPTANCE PROCESS WE NEED TO DO THE FOLLOWING

THEORY L-VELOPMENT : (START NOW)

® BEHAVIOR OF STRUCTURAL ASSEMBLIES UNDER VIBRATION

® BEHAVIOR OF FLIMSY STRUCTURES UNDER 1c

® COMPLEX DYMAMICS - ESPECIALLY DEPLOYMENT

@ IMPROVED SYSTEMS IDENTIFICATION - OPEN & CLOSED LOOP

LAB TESTS : (START Now)

® CAREFULLY MONITORED SHAKER TESTS

® FLIMSY STRUCTURES - MODEL VERIFICATION

® DEPLOYMENT MODEL VERIFICATION

@ CONTROLS AND IDENTIFICATION RSMONSTRATIONS

SIMULATION DEVELOPMENT : (START NOW)

® CAPABLE OF MULTIDISCIPLINARY INTEGXATION/INTERACTION
@ VERIFICAYION THROUGH SUBSYSTEM TEST

SIMPLE [ _IGHT EXPERIMENTS : (PLAN FOR EARLY FLIGHTS)

@ STRUCTURAL RESPONSE, SYSTEM IDENTIFICATION, ZERO-G VALIDATION
@ DEPLOYMENT DEMONSTRATION, MODEL VERIFICATION

® CONTROL AUTHORITY DEMONSTRATION VERSUS NCERTAINTY

@ LIMITED SIMULATION VERIFICATION

FULL-UP ANTENNA EXPERIMENTS : (=XPECT TO NEED)
® SYSTEMS-LEVEL VERIFICATION OF PERFORMANCE AND SIMULATION
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SADE ~ A SPACE EXPERIMENT TO DEMONSTRATE
STRUCTURAL ASSEMBLY

James K. Harrison and David C. Cramblit
National Aeronautics and Space Administration
Marshall Space Flight Center
Huntsville, Alabama

Large Space Antenna Systems Technology — 1982
NASA Langley Research Center
November 30 — December 3, 1982
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ORIGINAL PAGE IS
INTRODUCTION OF POOR QUALITY

During the last several years, the large space structures work at the Marshall Space Flight Center

has followed the routine program scheme of planning exercises, analysis, and contractor studies followed
by the ground tests of hardware components and systems. As the next step in this scheme a Structural
Assembly and Demonstration Experiment (SADE) is proposed as a flight test to corroborate these
previous steps and to demonstrate the space construction of a simple truss structure approximately 100
feet in length. It uses both deployable and erectable construction methods and will be built in the
Shuttle bay where it remains throughout the flight. The SADE is scheduled to fly in 1985. Figure 1
shows SADE with some possible future applications of structural members like the SADE truss.

1030

POSSIBLE SPACE STATION CONCEPTS

- S ALTIRARES
e * w
iy
- e v
' A\
- -
*&%‘v T . e VERY LONG BASELINE INTERFEROMETER
A
.n‘.‘ - -- T /
SADE y
[ 2/ 3 e
- . . - ‘ ~-

) 100-METER THINNED APERTURE TELESCOPE

GEOSTATIONARY COMMUNICATIONS PLATFORM

Figure 1. SADE showing some future possible applications.



PURPOSE

The purpose of SADE is first to demonstrate that the Shuttle is a suitable base for space con-
struction; this includes a test of the Shuttle’s control system to determine its performance when a long
attached truss or beam is extended from the bay. Examples of Shuttle-related systems that will receive
special attention are the RMS, the lighting system, and the crew assembly capabilities. A-second purpose
is to determine the extent to which the assembly results from tihe Neutral Buc yancy Simulator can be used
to forecast the results of space assembly. And, finally, the SADE truss design will be validated by mea-
suring the performance of the deployment, the special connectors, and the asse mbly methods.

MISSION

A single flight is planned in 1985. The precise construction sequence has not yet been developed;
that will be done by MIT during the next 12 months andiby: the engineers at MSFC with help from
the SADE tests to be run next year in the Neutral Buoyancy Simulator (NBS).

A possible construction sequence is shown in figure 2 and is as follows: Alternately erect one
bay and deploy two uniil 9 bays are constructed. Then, automatically deploy the remaining bays until
a length of approximately 100 feet is reached. The final length will be set by the truss frequency needed
for a meaningful Shuttle control system-beam interaction experiment., A heavy mass — on the order of
5000 pounds - to influence the frequency will be placed on top of the truss using the RMS. Of course,
this will have to be done early in the construction sequence so as to be within the reach of the RMS.
EVA and the RMS will be used extensively throughout the construction of the truss.

The disassemble sequence of the truss is a reverse sequence to the assembly, except the automatic
deployment is replaced by a manual retraction operatior.

Three crewmen will be required for these construction operations. Two will participate in the

EVA while the third one operates the RMS and the TV and photographic cameras. and reads the crew
checklist.

The assembly and disassembly will each require about 2 hours with perhaps a span of several
days in between during which time no firing of the Shuttle primary RCS can occur,

The suitability of the Shuttle 10 serve as a base fcr this type of activity will be determined pri-
marily from the performance of the construction crew as recorded by the TV and photographic cameras.
The capability of the Shuttle control system to damp undesirable oscillations in the truss structure will
be tested during the time span between assembly and disassembly. JSC and Draper Labs are working
with MSFC to define this control experiment. The final length and tip mass will depend on the truss
frequency requirements set by this definition,

The camera data will also be used to measure and compare the on-orbit construction activity with
similar preflight activity done in the NBS. This is especially useful with regard to the bays that are

erected since they are built member by member requiring considerably more EVA assistance than the
bays that are deployed.

Strain gages and accelerometers will be located on some of the structural members to measure
the loads and forces encountercd during the experiment.
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MANUAL
DEPLOYMENT
AND
E”ECTION OF

NINE CELLS

AUTOMATIC
DEPLOYMENT
Y %Fveurv FOUR
nnnnn ". , -FOU
PLOVMENTARK y CELLS

o ()
CELLS IN1AND 3
ASIN 2 q

Figure 2. One possible SADE assembly sequence.
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CONNECTORS

Four different connectors (figure 4) will be evaluated for use in the assembly of the SADE truss
so that the most effective and satisfactory design for joining these types of structural membcis can be
determined. The connectors join the erectable cells to the deployable cells (figure 3).

Whether or not SADE will use the Shuttle data recording system or provide its own will be
determined when a more accurate estimate is made of the number of measurements and the sampling

SADE CONNECTORS

frequency.
1
CLUSTER JOINT
LOCKING
TAB
|
LOCKING
TAB
coLumn
COLUMN JOINT
LaRC SNAP-JOINT UNION
DROGUE RELEASE LEVER
Ny [
PROBE\' '
-
. }1_ S
P
RELEASE 9
LOCKOUT
MODULE-TO-MODULE COUPLER |

VOUGHT MODULE-TO—-MODULE COUPLER

FLOTATION

MIT CLUSTER SLIP-JOINT

l CEIVER
PIN GROOVE
PIN

PROBE

11/ o YRR
:..f\- -kl pl ”M',

-

AUTOMATIC COUPLER

VOUGHT QUICK-CONNECT COUPLER

Figure 4. Connectors to be evaluated for SADE assembly.
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NEUTRAL BUOYANCY TESTS AND TRAINING

A key SADE objective is to correlate the Neutral Buoyancy Simulator (NBS) assembly activity
and the space assembly activity. In future NBS activities this will permit a sort of calibration with
respect to the tank’s ability to simulate space construction.

To meet this objective, the assembly activity planned in the Shuttle bay will first be done in
the NBS. The tank hardware will be as similar as possible to that used in space except, of course, the
full deployed length cannot be handled by the NBS.

Training of the crew to handle the on-orbit assembly tasks will occur in the NBS using procedures
and hardware similar to that used during the flight.

Some recent activities in the NBS that relate to SADE are depicted in figure 5.

Figure 5. Recent activities that lead to SADE.
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ORIGINAL PAGE IS
FINAL REMARKS OF POOR QUALITY

The principal in-house activity at the moment is the design of the hardware to be tested late
next summer (1983) in the NBS. The schedule calls for this design activity to be completed this spring
(1983) followed by completion of the fabrication work in time for the tests next summer. These tests
will guide the flight hardware design which begins in January 1984 and is to be followed by the flight
hardware fabrication which ends in the fall of 1984. This will allow time for the qualification and
acceptance tests so that SADE can meet its mid-1985 launch date.

Out-of-house activity mainly involves help from MIT’s Space Systems Laboratory in developing
a detailed space assembly procedure plus some hardware for the NBS tests and the procurement of an
underwater camera system for the NBS work. JSC, MSFC, and Draper Labs are working together to
define a Shuttle control system-truss interaction experiment,

SADE (figure 6) is the first flight experiment devoted solely to large space structures. It repre-
sents a very simple yet significant step along the way leading to space construction of complete and
complex systems. It will give the first indication of the Shuttle’s capability to serve as a base for build-
ing these kinds of systems at a later date. It will also give the first indication of the value of both
deployable and erectable construction methods, and finally, it will give the first indication of the value
of the Neutral Buoyancy Simulator to simulate space assembly.

Figure 6. SADE structural assembly and demonstration experiment.
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